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Abstract 
Niobium and tantalum are critical metals that are necessary for many modern 
technologies such as smartphones, computers, cars, etc. Ore minerals of niobium and 
tantalum are typically associated with pegmatites and include columbite, tantalite, wodginite, 
titanowodginite, microlite and pyrochlore. Solubility and crystallization mechanisms of 
columbite-(Mn) and tantalite-(Mn) have been extensively studied in haplogranitic melts, with 
little research into other ore minerals. A new method of synthesis has been developed 
enabling synthesis of columbite-(Mn), tantalite-(Mn), hafnon, zircon, and titanowodginite for 
use in experiments at temperatures ≤ 850 °C and 200 MPa, conditions attainable by cold seal 
pressure vessels.  
Solubilities of wodginite, titanowodginite, microlite and pyrochlore are compared to 
those for columbite-(Mn) and tantalite-(Mn) in a flux-rich haplogranitic melt of alumina 
saturation index (ASI) 1.0 at 700 – 850 °C and 200 MPa. The effect of melt composition on 
solubilities of wodginite, titanowodginite, and microlite compared to tantalite-(Mn) is also 
investigated in highly fluxed haplogranitic melts of ASI 1.0, 1.10, and 1.24, at 700 °C and 
800 °C and 200 MPa. The log solubility product (logKsp) for tantalite-(Mn) is highest (-2.32 
mol2/kg2) followed by columbite-(Mn) (-2.68 mol2/kg2), and pyrochlore (-3.71 mol3/kg3) 
titanowodginite (-3.73 mol3/kg3), wodginite (-3.77 mol3/kg3), and microlite (-3.78 mol3/kg3) 
are almost identical within error at 750 °C. However, the tantalum mineral-melt partition 
coefficient solubilities of wodginite, titanowodginite, and tantalite-(Mn) are identical within 
error; microlite is different because it contains a major melt cation, sodium, and columbite-
(Mn) is less soluble than pyrochlore. Wodginite, titanowodginite, and pyrochlore have 
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similar temperature and compositional dependences to columbite-(Mn) and tantalite-(Mn), as 
described in previous studies, and microlite solubility conversely increases with ASI.   
Experiments crystallizing columbite-(Mn) through the interaction of a manganese-
rich hydrothermal fluid with a niobium-rich pegmatite melt have demonstrated that fluid-
melt interactions are a plausible mechanism for the crystallization of niobium and tantalum 
ore minerals. These experiments show that saturation can be reached from lower, more 
reasonable niobium melt concentrations than previous experiments and from higher 
concentrations of manganese in a hydrothermal fluid. This is significant because natural 
pegmatites contain evidence of hydrothermal processes during rare metal crystallization 
stages.  
Keywords: columbite-(Mn), tantalite-(Mn), microlite, pyrochlore, wodginite, 
titanowodginite, solubility, crystallization mechanisms, fluid-melt interactions, pegmatite 
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Chapter 1  
1 Introduction 
1.1 Niobium and tantalum 
Niobium and tantalum are rare metals that are used in many modern technologies 
such as alloys, capacitors, etc. (Linnen et al. 2012). They are located in group 5 (or VA) 
of the periodic table and both have charges of 5+ at most geologically relevant conditions. 
Martin & Wülser (2014) have shown that redox state of niobium is variable amongst 
mineral phases, with the presence of Nb0, Nb2+, Nb4+ and Nb5+ valence states identified in 
natural minerals, but Farges et al. (2006) and Piilonen et al. (2006) have only observed 5+ 
in melts. Niobium 5+ can have a 4, 6, 7, or 8 coordination number (CN), and tantalum 5+ 
can have a 6, 7 or 8 CN (Shannon 1976).  They have similar ionic radii (0.78 Å) 
(Shannon 1976) when in 6-fold coordination. These elements are classified as High Field 
Strength Elements (HFSEs: high charge to ionic radius) and are usually incompatible 
(stay in the melt) during crystallization of major rock forming minerals, concentrating in 
residual melts until saturation (Winter 2010). Niobium is about an order of magnitude 
more abundant than tantalum in Earth’s crust (Rudnick & Gao 2004). During magmatic 
differentiation of gabbros to granitic rocks, the Nb/Ta ratio generally remains close to the 
upper crust value in calc-alkaline igneous rocks of approximately 11 (Černý et al. 1985). 
This value is lower than the primitive mantle value of 17.6 in oceanic basalts (Hofmann 
1988). Due to their rarity in Earth’s crust, necessity in modern society and production 
from dominantly a single country (Brazil for niobium) or dependence on countries with a 
high political risk (Central Africa in the case of tantalum), niobium and tantalum have 
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recently been classified as critical metals, and exploration for ore deposits is critical to 
supplying global markets (Graedel et al. 2014). 
1.2 Pegmatites and their classification 
Granites and pegmatites contain high concentrations of HFSEs in addition to 
fluxing elements and compounds such as phosphorus, lithium, boron, fluorine, and water. 
Fluxing elements decrease the viscosity, liquidus and solidus temperatures, and crystal 
nucleation rates of melts, as well as increase diffusion rates of elements throughout the 
melt (Simmons 2007).  These fluxes are thought to play an important role in the 
concentration and crystallization of ore grade HFSE deposits, because the two are 
strongly correlated in nature (London 1987; Linnen & Keppler 1997). However, the 
precise role of fluxes to mineralization is poorly understood. Important classes of 
pegmatites that contain HFSEs are Lithium Cesium Tantalum (LCT) pegmatites and 
Niobium Yttrium Fluorine (NYF) pegmatites. Table 1-1 shows the many classes of 
pegmatites and the family to which they belong. LCT pegmatites are the most 
economically valuable and contain anomalously high concentrations of rubidium, cesium, 
beryllium, tantalum, niobium, and tin, along with increased levels of lithium, phosphorus, 
fluorine, and boron (Linnen et al. 2012). These pegmatites are located furthest from their 
source magmas (London 2008). An example of this is the Tanco pegmatite (complex 
LCT pegmatite) in Manitoba, Canada, which contains bulk compositions of 7400 ppm 
lithium, 2800 ppm cesium, 5700 ppm rubidium, 470 ppm beryllium, and 366 ppm 
tantalum (Stilling et al. 2006), with higher contents in enriched pegmatite zones. These 
values are two orders of magnitude greater than bulk crust values of 16 ppm lithium, 2 
ppm cesium, 49 ppm rubidium, 1.9 ppm beryllium, and 0.7 ppm tantalum (Rudnick & 
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Gao 2004). This rare element pegmatite demonstrates the economic importance of 
research into formational mechanisms of LCT pegmatites to improve exploration 
processes.  
1.3 Ore deposits 
Some examples of significant current and former producing pegmatite ore 
deposits of tantalum and niobium minerals worldwide are Greenbushes, Australia; Tanco, 
Canada; and Kenticha, Ethiopia, with mineralization also occurring in peraluminous 
granites e.g., Yichun, China (Mackay & Simandl 2014). The weathering of these types of 
Table 1-1: Pegmatite classification scheme, modified after Černý & Ercit (2005) 
and London (2008). 
Pegmatite Class Subclass Type Subtype
Abyssal
HREE, LREE, U 
and B-Be
- -
Muscovite - - -
Muscovite-Rare Element REE and Li - -
REE (NYF)
allanite-monazite, 
euxenite and 
gadolinite
-
beryl
beryl-columbite and 
beryl-phosphate
complex
spodumene, petalite, 
lepidolite, elbaite, and 
amblygonite
albite-spodumene -
albite  -
REE (NYF)
topaz-beryl, 
gadolinite, and 
fergusonite
-
Li (LCT)
beryl-topaz, 
spodumene, petalite 
and lepidolite
-
Li (LCT)
Rare-Element
Miarolitic
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deposits can also form placer deposits which are then mined. Tanco is located in 
Manitoba, Canada near the Ontario – Manitoba border and is part of the Cat Lake – 
Winnipeg River pegmatite field (Černý et al. 1998) and is 1600 m in length along strike 
and up to 820 m wide in the N-S direction (Černý 2005). The pegmatite is internally 
subdivided into nine zones, with tantalum/niobium mineralization present in seven of 
them (Černý et al. 1998). Niobium and tantalum mineralization varies across the 
pegmatite with many mineral groups represented across eighteen mineral species, such as 
columbite [(Mn,Fe)Nb2O6], tantalite [(Mn,Fe)Ta2O6], wodginite [Mn(Sn,Ta)Ta2O8], 
titanowodginite [MnTiTa2O8], pyrochlore [(Na,Ca)2Nb2O6(O,OH,F)], microlite 
[(Na,Ca)2Ta2O6(O,OH,F)], ferrotapiolite [FeTa2O6], cassiterite [SnO2], rutile [TiO2], 
tantite [Ta2O5] and many other phases (Černý 2005). Columbite-tantalite have the same 
chemical formula as tapiolite, but columbite-tantalite are part of the orthorhombic crystal 
system, and tapiolite is part of the tetragonal crystal system. Textural features suggest 
that the pegmatite primarily crystallized from a liquid ± fluid phase, however four of the 
nine zones show metasomatic features and replacements (Černý 2005), implying that 
secondary processes occurred after or during primary crystallization. Van Lichtervelde et 
al. (2007) investigated a magmatic versus hydrothermal origin of the tantalum/niobium 
mineralization at Tanco and concluded through textural relationships and chemical 
analyses that the mineralization is most likely of primary magmatic origin. Additionally, 
there is only minor potential influence of fluids at Tanco, such as bringing fluid mobile 
cations to the melt (Van Lichtervelde et al. 2007). Manganese, iron, sodium, calcium and 
tin are elements that can be classified as fluid mobile due to their large fluid-melt 
partition coefficients (Zajacz et al. 2008), and high field strength elements (HFSEs) such 
5 
 
as niobium and tantalum are immobile because of their extremely low fluid-melt partition 
coefficients unless the pH of the fluid is extremely acidic (Borodulin et al. 2009; 
Timofeev et al. 2017).  
 Greenbushes is another significant lithium-tin-tantalum pegmatite located 
approximately 250 km south of Perth, Australia that contains most of the worlds tantalum 
resource (Partington et al. 1995). Tantalum mineralization occurs as more than ten 
tantalum bearing mineral phases including tantalite [(Mn,Fe)Ta2O6], Ta-ilmenite 
[Fe(Ti,Ta)O3], Ta-rutile [(Ti,Ta)O2], wodginite [Mn(Sn,Ta)Ta2O8] and tapiolite 
[(Mn,Fe)(Ta,Nb)2O6], with all mineralization occurring as micron-scale intergrowths 
with varying Ta/Nb and Mn/Fe ratios (Bettenay et al. 1985). Hydrothermal processes 
potentially related to tantalum mineralization have been inferred to explain younger 
zircon ages via hydrothermal remobilization of the pegmatite (Partington et al. 1995).  
 Unlike Tanco and Greenbushes, the remote location of Kenticha has resulted in a 
limited amount of scientific study of this rare-element pegmatite. Kenticha is 
characterized by three zones, the upper, intermediate and lower zones, with tantalum 
minerals (tantalite-(Mn) [MnTa2O6], wodginite [Mn(Sn,Ta)Ta2O8], ixiolite 
[(Ta,Nb,Sn,Mn,Fe)O2]) dominating the upper zones, and niobium minerals (columbite-
(Mn) [MnNb2O6] and columbite-(Fe) [FeNb2O6]) in the intermediate and lower zones 
(Küster et al. 2009). The mine at Kenticha produces approximately 120 tonnes of 
tantalum concentrate per year at an approximate grade of 55% Ta2O5, making it a 
significant source of tantalum worldwide (Küster et al. 2009).  
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 Tantalum and niobium mineralization has also been described in peraluminous 
granites and an example of this type of mineralization is the Yichun deposit in China. 
Yichun contains tantalum-niobium-titanium mineralization in the Yashan batholith and is 
present as small crystals of columbite [(Mn,Fe)Nb2O6], tantalite [(Mn,Fe)Ta2O6], Ta-rich 
cassiterite [(Sn,Ta)O2], and microlite [(Na,Ca)2Ta2O6(O,OH,F)] (Yin et al. 1995).  This 
system has been interpreted as magmatic and does not represent hydrothermal alteration 
or post-magmatic processes (Schwartz 1992).  
1.4 Ore minerals and crystal structure 
Niobium and tantalum can form many different mineral phases, the most 
important of which are mined and thus are ore minerals: columbite group 
[(Mn,Fe)Nb2O6], tantalite group [(Mn,Fe)Ta2O6], ferrotapiolite [FeTa2O6], wodginite 
group [e.g. Mn(Sn,Ta)Ta2O8], titanowodginite [MnTiTa2O8], pyrochlore group [e.g. 
(Na,Ca)2Nb2O6(O,OH,F)], and microlite group [e.g. (Na,Ca)2Ta2O6(O,OH,F)]. 
Columbite-(Mn) and tantalite-
(Mn) have been the most 
extensively studied, from their 
crystal structures to 
solubilities in various melt 
compositions, to partitioning 
into accessory phase minerals. 
Columbite and tantalite can 
have either an ordered or 
disordered crystal structure. 
Figure 1-1: Columbite-(Mn) crystal structure from 
experiment MnNb2O6 Syn1. Diagram is not to scale. 
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The ordered structure has one chain of Mn-O octahedra, alternating with two chains of 
Nb-O or Ta-O octahedra in the b direction (Nickel et al. 1963), as shown in Figure 1-1. 
This alternating pattern does not occur within the disordered structure. This causes the 
unit cell edges to have different lengths between the two structures.  
The a and c unit cell values are used to determine whether the structure is ordered 
or disordered (Ercit et al. 1995). The most common method of determination is 
qualitatively on a plot of c vs a (Černý & Turnock 1971). This plot can be used to 
estimate cation order and the amount of manganese/iron present in the sample. Only 
estimates are possible because fully disordered samples have yet to be synthesized, and 
the full effect of trace elements on crystal structure is unknown (Ercit et al. 1995). 
However, fully ordered samples have been synthesized in the lab; therefore, these unit 
cell parameters are known. Additionally, Nickel et al. (1963) have shown that when 
natural samples are heated in excess of 950 °C, they transform from being disordered to 
ordered. Due to this, Martin & Wülser (2014) speculate that disorder is caused by the 
incorporation of reduced valence niobium/tantalum and oxidized manganese/iron into 
columbite and tantalite crystal structures at high temperature, which revert to oxidized 
niobium/tantalum and reduced manganese/iron once cooled.  
1.5 Previous solubility studies 
1.5.1 Crystallization of synthetic starting minerals 
The solubilities of columbite-(Mn) and tantalite-(Mn) in haplogranitic melts have 
been extensively studied. Solubilities and other properties are researched experimentally 
using synthetic minerals and melts to strictly control melt and mineral composition. This 
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removes any effect of trace elements or impurities on the experimental results. 
Experiments can also be conducted using natural minerals in synthetic melts, or vice 
versa, to investigate the results of natural impurities on the processes in question. Natural 
samples are typically solid solutions, and it is difficult to demonstrate equilibrium in 
experiments because, for example, the ratio of Mn/Fe in the mineral needs to also 
equilibrate with the melt. To use synthetic minerals in experiments, methods for mineral 
synthesis need to be developed. Columbite-(Mn) and tantalite-(Mn) crystals large enough 
for use in experiments have been previously synthesized by Keppler (1993) at 600 °C and 
200 MPa in 10% H2O for 40 days, and Linnen & Keppler (1997) using 5% HF at 1000 
°C and 100 MPa for 10 days. Keppler (1993) took 40 days, which is not feasible in terms 
of typical experimental durations, and the method described by Linnen & Keppler (1997) 
cannot be completed in typical cold seal pressure vessels (CSPVs) as their maximum 
attainable temperature is 850 °C. Additionally, synthesis of minerals such as zircon and 
hafnon require different synthesis methods. Ideally, a single technique would be able to 
synthesize many different minerals. Therefore, a new method for mineral synthesis using 
CSPVs for multiple mineral phases over short run durations is desirable. The first part of 
this study describes a new method of synthesis adapted from hydrometallurgy that can 
synthesize columbite-(Mn), tantalite-(Mn), hafnon, zircon and titanowodginite at 850 °C 
or less and 200 MPa – temperatures and pressures attainable in CSPVs.  
1.5.2 Temperature and melt composition effects on solubility 
Experiments focus on the solubility of tantalum in melts because the solubility of 
tantalum in hydrothermal fluids is very low (Timofeev et al. 2017) and it has been shown 
that tantalum and niobium preferentially remain in a melt phase over a fluid or vapour 
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phase (Borodulin et al. 2009). Previous studies on columbite-(Mn) and tantalite-(Mn) 
solubility in silicate melts have demonstrated that the two most important parameters are 
temperature and melt composition. Linnen & Keppler (1997) investigated the effect of 
both temperature and melt composition on the solubility of columbite-(Mn) and tantalite-
(Mn) in flux-free granites. They concluded that solubility decreases with decreasing 
temperature and decreases with increasing melt alumina saturation index (ASI) to a 
minimum at ASI 1.0, and slightly increases above ASI 1.0. The ASI of the melt 
represents the molar amount of alkalis present compared to aluminum (ASI = molar 
Al/(Na + K)). Peralkaline melts (ASI < 1) contain excess alkalis whereas peraluminous 
melts (ASI > 1) contain excess aluminum. The effect of melt composition on solubility 
was previously described by Watson (1979) in reference to zircon solubility, concluding 
that the alkalinity [(Na2O+K2O)/A12O3] of the melt greatly affected saturation in zircon, 
with peralkaline melts having the highest solubility and peraluminous melts showing 
saturation at ~ 100 ppm zirconium. Keppler (1993) proposed that fluoride in 
haplogranitic melts causes melt depolymerization and generates non-bridging oxygens 
(NBOs) which then can potentially form complexes with either titanium or zirconium (for 
the specific minerals studied). NBOs are terminal oxygens that do not bond with other 
oxygens in the melt, meaning they do not join tetrahedra together in the melt structure, 
such as when Na2O and K2O are present in excess quantities in the melt. Horng et al. 
(1999) defined the relationships between rare metal cations and melt structures in 
peraluminous to peralkaline melts. They showed using spectroscopic data that 
niobium/tantalum 5+ cations form stable M5+AlO4 complexes (M=Nb
5+/Ta5+ in octahedral 
coordination) and have a strong affinity for aluminum in peraluminous melts, whereas 
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peralkaline melts contain species such as M5+OK, with the activity of peraluminous 
complexes significantly lower than peralkaline complexes (Horng et al. 1999). Farges et 
al. (2006) investigated the solubility and complexing of tin in various melt compositions 
and determined that melt depolymerization and the amount of NBOs in peralkaline melts 
increased tin solubility, and peraluminous melts lacking in NBOs caused crystallization 
of cassiterite and the formation of small amounts of tin-aluminum clusters, reducing 
solubility. Similarly, Piilonen et al. (2006) concluded for Nb5+, that melt 
depolymerization, increasing alkalinity, water and fluorine contents all increase the 
solubility of niobium in the melt due to stabilizing of the melt environment. Therefore, 
the increase in solubility with decreasing ASI was determined to be due to the presence 
of excess alkalis in the melt, increasing the number of NBOs available to bond with 
niobium and tantalum, increasing their solubility.  
Solubility products for minerals such as columbite-(Mn) and tantalite-(Mn) have 
been defined as Ksp
Nb = XMnO × XNb2O5 (mol
2/kg2) and Ksp
Ta = XMnO × XTa2O5 
(mol2/kg2); where X represents the molar concentration of the representative species in 
the melt (Linnen & Keppler 1997). These equations are defined based on thermodynamic 
equilibrium constants KNb or Ta = 
𝛾𝑀𝑛𝑂
𝑚𝑒𝑙𝑡×𝛾𝑁𝑏2𝑂5𝑜𝑟 𝑇𝑎2𝑂5
𝑚𝑒𝑙𝑡 ×𝑋𝑀𝑛𝑂
𝑚𝑒𝑙𝑡×𝑋𝑁𝑏2𝑂5𝑜𝑟 𝑇𝑎2𝑂5
𝑚𝑒𝑙𝑡
𝛼𝑀𝑛𝑁𝑏2𝑂6𝑜𝑟 𝑀𝑛𝑇𝑎2𝑂6
𝑚𝑖𝑛𝑒𝑟𝑎𝑙 , where 𝛾 
represents the activity coefficient, X is molar concentration, and 𝛼 is the activity of the 
crystalline phase (Linnen & Cuney 2005). Solubility products are typically reported as 
logKsp for thermodynamic relevance on plots of logKsp versus 1000/T (K). When plotted 
this way, the integrated Van’t Hoff equation can be used to determine the change in 
enthalpy of the reaction. Linnen & Keppler (1997) also investigated whether Ksp is 
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constant, because it should be if tantalum and manganese exhibit Henrian behaviour, 
which means that the activity coefficients are constant for melt constituents when the 
concentrations of these constituents are small enough that they do not affect the melt 
environment. For example, if the activity coefficients of manganese and tantalum in the 
melt are constant despite the presence of small concentrations of these elements in the 
starting melt. They concluded that the solubility products of columbite-(Mn) and 
tantalite-(Mn) are constant, even if there is initial manganese or tantalum present in the 
melt. Chevychelov et al. (2008) completed a similar study on the solubility of columbite 
and tantalite by varying melt ASI to determine the effect of melt composition. However, 
their melts contained lithium and fluorine to be comparable to natural pegmatite 
compositions, unlike Linnen & Keppler (1997). The results were similar to that of Linnen 
& Keppler (1997), with the peralkaline melts having the highest solubilities, and 
peraluminous melts containing solubilities up to an order of magnitude smaller. This 
study was performed on natural tantalum-rich columbite crystals, so impurities and non-
end member compositions would affect the solubilities reported, resulting in them being 
not directly comparable to synthetic mineral experiments.   
1.5.3 Effect of fluxes 
The majority of pegmatite-hosted columbite-(Mn) and tantalite-(Mn) deposits 
contain high amounts of fluxing compounds (e.g. Wise et al. 2012). As such, many 
studies have been completed on the effect of fluxes on the solubility of columbite-(Mn) 
and tantalite-(Mn). Keppler (1993), Fiege et al. (2011) and Aseri et al. (2015) looked at 
the effect of fluorine on columbite-(Mn) and tantalite-(Mn) solubility. These studies have 
conflicting results, with Keppler (1993) showing that solubility increases with increasing 
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fluorine content in the melt, and Fiege et al. (2011) and Aseri et al. (2015) concluding 
that fluorine has no effect on the solubility of columbite-(Mn) and tantalite-(Mn). Fiege et 
al. (2011) determined that the difference in results is due to the experiments in Keppler 
(1993) not reaching equilibrium at 800 °C. Molar Mn/Nb or Mn/Ta ratios are used to 
determine whether an experiment has reached equilibrium, with a value of 0.5 
representing equilibrium based on the stoichiometry of columbite-(Mn) or tantalite-(Mn). 
Values reported in Keppler (1993) ranged from 0.33 to 2.93, which for the majority are 
much higher than equilibrium. Another explanation for non-equilibrium values is another 
mineral phase crystallizing during the experiment, but no other minerals were observed in 
that study. Therefore, it is likely that fluorine has no effect on the solubility of columbite-
(Mn) and tantalite-(Mn).  
Lithium is another fluxing element typically associated with pegmatites due to the 
amount of fractionation required to concentrate a melt in both lithium and tantalum 
(Černý 1991). The effect of lithium on the solubility of columbite-(Mn) and tantalite-
(Mn) was investigated by Linnen (1998). Lithium was shown to have a large effect on 
columbite-(Mn) and tantalite-(Mn) solubility, increasing their solubilities with increasing 
lithium content in the melt. This is because Li2O is an alkali compound which increases 
the amount of NBOs able to stabilize niobium and tantalum in the melt structure. 
Therefore, lithium needs to be recognized as an alkali element and reported in ASI 
calculations (as ASILi = Al/(Na + K + Li)). Linnen (1998) concluded that the increase in 
columbite-(Mn) and especially tantalite-(Mn) solubility with increasing lithium meant 
that tantalite-(Mn) crystallization could be delayed until the melt becomes saturated in a 
Li ± F ± P mineral phase. Once crystallization of a Li ± F ± P phase such as lithiophilite 
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occurs, lithium is removed from the melt and therefore increases the melt ASI, decreasing 
tantalite-(Mn) solubility, and causing tantalite-(Mn) crystallization if the melt then 
becomes saturated in tantalum and manganese. As columbite-(Mn) has a lower solubility 
to begin with, the effect of lithium on columbite crystallization is less pronounced than 
that of tantalite-(Mn).  
Tang et al. (2016) and Fiege et al. (2018) studied the effect of phosphorus on the 
solubility of columbite-(Mn) and tantalite-(Mn) in haplogranitic melts. Both studies 
concluded that phosphorus decreases the solubility of columbite-(Mn) and tantalite-(Mn) 
in peralkaline melts by likely acting as a network former (such as silicon and aluminum) 
and competing for network modifiers (alkalis, such as sodium and potassium). Network 
formers are defined as elements that become a part of the melt structure by creating 
strong bonds with oxygen in tetrahedral coordination, while network modifiers disrupt 
the network structure, usually by providing oxygen atoms typically not in tetrahedral 
coordination for network formers to bond with (Hess 1995). Phosphorus had the opposite 
effect on solubility in peraluminous melts, increasing the solubility of columbite-(Mn) 
and tantalite-(Mn). This is thought to be due to the formation of complexes such as 
aluminum-phosphates or tantalum/niobium-phosphates, increasing tantalum/niobium 
melt stability and solubility (Fiege et al. 2018). Fiege et al. (2018) also studied the effect 
of boron in phosphorus-rich haplogranitic melts and found that boron had a minor effect 
on columbite-(Mn) and tantalite-(Mn) solubility in peraluminous melts and a slightly 
larger effect in subaluminous systems due to its acting as a network modifier. Boron had 
little effect on solubility in peralkaline systems, indicating that it was acting as a network 
former, forming alkali-BO2 complexes (Fiege et al. 2018).  
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Water is also a fluxing compound, lowering the solidus temperature of the melt 
and increasing the solubilities of columbite-(Mn) and tantalite-(Mn) (Linnen 2005). 
Bartels et al. (2010) investigated the effect of water on the solubility of columbite-(Mn) 
and tantalite-(Mn) in haplogranitic melts and determined an increase from 0 – 4 wt% 
water increased the solubility of these minerals by a factor of three. Holtz et al. (1993) 
also determined that the presence of fluxes and increasing pressure increases the 
solubility of water in haplogranitic and silicate melts. Due to the fact that pegmatites 
contain large amounts of fluxes which increase water solubility, they tend to also have 
high concentrations of water, which increases rare metal solubility and decreases the 
solidus temperature of the melt.  
Van Lichtervelde et al. (2010) and Bartels et al. (2010) investigated the 
solubilities of columbite-(Mn) and tantalite-(Mn) in flux-rich pegmatite melts containing 
lithium, boron, phosphorus, fluorine, and water, to better relate to natural melts that 
contain high amounts of all fluxing components. Both studies concluded that the 
solubilities of columbite-(Mn) and tantalite-(Mn) varied greatly with variation in 
temperature and melt composition (ASI), and less with flux content. While fluxes are 
extremely important to pegmatite formation by decreasing the solidus temperature of the 
melt, they have less of a direct effect on the solubility of columbite-(Mn) and tantalite-
(Mn) than temperature and melt composition. 
1.6 Solubility of other niobium and tantalum minerals 
Most of the studies described above have also investigated the solubilities of other 
HFSE minerals such as hafnon, zircon, rutile, cassiterite, or hübnerite. However, the 
solubilities of other ore minerals of tantalum and niobium such as the wodginite group, 
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and microlite and pyrochlore groups have not been investigated. Part of this study 
describes the solubilities of these minerals in flux-rich haplogranitic melts of varying ASI 
and temperature. To fully understand crystallization processes and origins (magmatic 
versus hydrothermal) of niobium/tantalum mineralization, experiments to fully 
understand properties of all niobium/tantalum ore forming minerals are necessary. Linnen 
et al. (1995) studied the solubility and diffusion of tin in haplogranitic melts and 
demonstrated that redox and water content needed to be strictly controlled to eliminate tin 
loss to the gold experiment capsules through the formation of tin-gold alloys. Synthetic 
wodginite is difficult to make due to this issue, as high temperature cannot be used 
without loss of tin to the capsule. Due to this, natural samples were used for wodginite, 
with titanowodginite used as a synthetic analogue. Natural microlite and pyrochlore were 
used due to time constraints. Wodginite experiments conducted in this study were not 
strictly redox controlled, and the amount of tin loss to the capsule was monitored by 
evaluation of the tin-manganese and tin-tantalum ratios of the experiments, with 
stoichiometric ratios determined to represent no tin loss.  
1.7 Crystallization mechanisms 
The origin of niobium and tantalum mineralization in rare element pegmatites is 
controversial, with debate for a magmatic versus hydrothermal origin. While most studies 
support a magmatic origin of these deposits, it is common that niobium/tantalum deposits 
worldwide are associated with metasomatic or hydrothermal alteration in their host 
pegmatites (Kontak 2006). The argument for a magmatic origin has been described by 
studies such as Ercit (1986), Van Lichtervelde et al. (2007) and Dewaele et al. (2016) 
with Van Lichtervelde et al. (2007) stating that hydrothermal elements only play a minor 
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role. Dewaele et al. (2016) described that the uranium-lead age of the niobium-tantalum 
mineralization at Manono-Kitotolo (Katanga, Democratic Republic of Congo) which 
overlapped with the 40Ar–39Ar dates determined for muscovites in the unaltered 
pegmatites. Therefore, the niobium-tantalum mineralization occurred at the same time as 
the muscovites, and it could be inferred that it must be primary magmatic. However, 
greisenization (hydrothermal alteration of muscovite and feldspar) has been linked to the 
pegmatite crystallization (Dewaele et al. 2016). Kontak (2006) and Kontak & Kyser 
(2009) described mineralization and processes at the Brazil Lake pegmatite in Nova 
Scotia, Canada. The tantalum-niobium mineralization at Brazil Lake is present in zones 
of saccharoidal albite (fine, granular texture), which was texturally determined to be 
formed by replacement of potassium-feldspar. Based on this observation Kontak (2006) 
concluded that the niobium-tantalum mineralization must be deposited during this late 
stage alteration, however, did not explicitly state that this alteration is hydrothermal. 
Kontak & Kyser (2009) stated that there is evidence for a late-stage 18O-enriched fluid 
and described that the late stage albite was formed by metasomatism of a late stage sodic 
melt.  
Evidence for a potential hydrothermal origin or process related to 
niobium/tantalum mineral crystallization has been discussed by more current studies such 
as Siegel et al. (2016), Thomas & Davidson (2016), Breiter et al. (2017), and Wu et al. 
(2017). Siegel et al. (2016) studied the magmatic-hydrothermal evolution of the LCT 
pegmatite Varuträsk in Northern Sweden through investigation of boron, oxygen, and 
hydrogen isotope geochemistry of tourmalines, micas, feldspars and quartz. Siegel et al. 
(2016) concluded that the shift in boron isotopic composition must either be due to influx 
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of boron from external melts or exsolution of a hydrothermal fluid, which is texturally 
favoured. The δD variation between wall and inner zones of the pegmatite are also 
explained by interaction with a magmatic hydrothermal fluid, increasing δD values in 
border zones (Siegel et al. 2016). Breiter et al. (2017) and Wu et al. (2017) also provide 
evidence for a magmatic-hydrothermal origin of niobium/tantalum deposits. Breiter et al. 
(2017) studied the mineralization at the granite hosted Cínovec/Zinnwald deposit (Czech 
Republic) and concluded that a lithium-fluorine-rich fluid was exsolved and subsequently 
caused greisenization of granites above, promoting tantalum-rich rims to crystallize 
around columbites in associated albitised granites. Similarly, Wu et al. (2017) identified 
two stages of columbite-(Mn) crystallization at the Dajishan Deposit, Southeastern 
China; one identified as primary magmatic, and one identified as altered by a 
metasomatic event causing crystallization of wodginite rims on columbite-(Mn) crystals. 
Thomas & Davidson (2016) investigated primary melt inclusions in pegmatite quartz and 
found that pegmatite crystallization processes begin at higher temperature than previously 
estimated (850 °C to 750 °C), and formation involves a supercritical fluid/melt stage. 
This implies that while magmatic processes are essential for concentration of 
niobium/tantalum, crystallization processes are still unclear, with 
hydrothermal/metasomatic influences poorly understood. 
The solubility studies described above have shown that the solubilities of 
columbite-(Mn) and tantalite-(Mn) in flux-rich pegmatite melts are much higher than 
natural concentrations of niobium and tantalum. For example, the concentrations of 
niobium and tantalum are 47 ppm and 27 ppm respectively in the Macusani Obsidian, 
(Pichavant et al. 1987) and 8 – 238 ppm and up to 521 ppm respectively in melt 
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inclusions from the Ehrenfriedersdorf pegmatite (Webster et al. 1997). Therefore, high 
concentrations of fluid mobile cations (Mn, Fe, Ca, Sn, Ti) are necessary to cause the 
melt to reach saturation in either columbite-(Mn), tantalite-(Mn), wodginite, 
titanowodginite, microlite or pyrochlore. Previous explanations for the presence of these 
cations invoke melt-wall rock interactions or melt differentiation (Ercit 1986) or reaction 
with a late reactive melt (Van Lichtervelde et al. 2007). Another common explanation for 
the crystallization of columbite-(Mn) and tantalite-(Mn) is the formation of boundary 
layers in the pegmatite body because columbite-(Mn) and tantalite-(Mn) are typically 
located in border and intermediate zones within pegmatites (London 2008). Pegmatites 
contain concentric zoning throughout their bodies and boundary layers are formed due to 
the quick cooling of the exterior margins of the pegmatite. Due to the extremely slow 
diffusivity of niobium and tantalum, they are concentrated in the residual melt along with 
fluxes in these layers and eventually reach saturation, typically in the boundary and 
intermediate zones. These boundary layers also allow for extremely pure crystal growth 
due to elements that would typically substitute in trace amounts into the crystal structure 
being concentrated along these layers, increasing in solubility and allowing for 
crystallization of rare mineral phases such as beryl and rare metals due to the fluxes 
present (London 2008).  
The final part of this study investigates the possibility of another crystallization 
mechanism of columbite-(Mn) and tantalite-(Mn) in pegmatite melts – crystallization by 
the interaction of a fluid mobile cation-rich fluid (e.g. manganese) with a niobium- or 
tantalum-rich pegmatite melt. There have been many experimental studies on 
hydrothermal fluid – silicate melt interactions, such as the derivation of post-magmatic 
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hydrothermal ore deposits (e.g. Holland 1972); investigations of hydrogen-alkali 
exchange between brines, vapours, and melts (e.g. Williams et al. 1997); the 
determination of the validity of coexisting melt/fluid inclusion measurements using 
synthetic fluid inclusions (e.g. Student & Bodnar 1999); and investigations into the 
magmatic-hydrothermal transition in pegmatites (e.g. Gammel & Nabelek 2016). 
However, there have been few studies pertaining to rare metal crystallization and 
crystallization by fluid-melt interactions. The idea that mobile cations are provided by 
hydrothermal fluids has been speculated (Van Lichtervelde et al. 2010) but experimental 
studies demonstrating that crystallization is possible due to this interaction have not been 
completed. This type of investigation will test the possibility that rare metal ore minerals 
can be deposited by the interaction of hydrothermal fluids with melts as speculated by 
studies on natural deposits with niobium/tantalum minerals associated with 
hydrothermally or metasomatically altered rock units. This study investigates the 
potential for crystallization of columbite-(Mn), tantalite-(Mn), microlite and pyrochlore 
from interactions of either MnCl2- or CaCl2-rich fluids with niobium- or tantalum-rich 
haplogranitic melts of ASI 1.0. These preliminary experiments will evaluate 
crystallization from fluid-melt interactions and provide a protocol for future experimental 
work to more fully describe the potential of these interactions resulting in crystallization 
of rare metal ore minerals.  
1.8 Thesis objectives 
The study of all important ore minerals of niobium and tantalum is necessary to 
fully understand the processes controlling niobium and tantalum oxide mineral 
crystallization. McNeil (2018, Chapter 2) provides a new synthesis method for many 
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different HFSE minerals at temperatures attainable by CSPVs over relatively short run 
durations, allowing for ease of study of these minerals and their properties. Determining 
the solubility of microlite, pyrochlore, wodginite and titanowodginite in comparison to 
previous studies on columbite-(Mn) and tantalite-(Mn) and their variation with 
temperature and melt composition is crucial to fully understanding rare metal 
crystallization mechanisms. McNeil (2018, Chapter 3) investigates the solubility of these 
minerals in a flux-rich haplogranitic melt of varying temperature and McNeil (2018, 
Chapter 4) investigates the solubilities in melts of varying composition (See Appendix A 
for basis for experiments). The crystallization mechanisms of these minerals are not well 
known. There is no experimental research on the formation of microlite/pyrochlore 
versus columbite/tantalite versus wodginite in melts of the same pegmatite composition. 
The same is true for tapiolite, but because this is an iron-bearing phase, experiments 
involving this mineral require careful redox control, and this mineral will not be included 
in the current study. McNeil (2018, Chapter 5) will examine experiments demonstrating 
the potential crystallization mechanism for crystallization from the interaction of a 
hydrothermal fluid rich in mobile cations (e.g., Mn, Ca) with a niobium- or tantalum-rich 
melt. The aim of these experiments is to better explain the potential mechanisms involved 
in rare metal ore mineral crystallization. The purpose of the research outlined above is to 
better understand the processes responsible for the formation of these different mineral 
phases in flux-rich pegmatite melts. This is significant because columbite, tantalite and 
wodginite are some of the main ore minerals for niobium and tantalum in granitic 
pegmatites, and as such, this study would enable better understanding of their 
crystallization mechanisms, with direct application to mineral exploration. There has 
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been little consideration given to the iron/manganese contents of pegmatites, and whether 
these elements are controlled by their initial concentrations in the pegmatite melt, or 
whether processes such as contamination or metasomatism provide these elements to the 
melt. If the latter mechanism is providing iron and manganese to the melt and triggering 
ore mineralization, this could be an important control on the economic potential of a 
pegmatite body or field. 
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Chapter 2  
2 Synthesis of columbite-(Mn), tantalite-(Mn), hafnon, 
zircon, titanowodginite, and wodginite between 400°-
1050 °C 
 
Alysha G. McNeil, Robert L. Linnen, and Roberta L. Flemming 
Department of Earth Sciences, Western University, 1151 Richmond Street North, 
London, ON N6A 5B7, Canada 
2.1 Introduction 
Niobium, tantalum, hafnium, and zirconium are high field strength elements 
(HFSEs: high charge to ionic radius) and are usually incompatible (stay in the melt) 
during crystallization of major rock forming minerals, thus concentrating in residual 
melts until saturation of a HFSE-bearing accessory phase (Linnen & Keppler 1997). They 
have become increasingly valuable in the 21st century being used in many modern 
technologies such as alloys, magnets, microprocessors, etc. and mineral deposits that are 
exploited for these elements are commonly classified as rare metal or rare element 
deposits (Linnen et al. 2014). As demand for these elements increases, a better 
understanding of the processes that concentrate these elements in Earth’s crust becomes 
essential in order to locate sufficient deposits to supply the market. These processes are 
commonly evaluated using experimental data, and an essential component of 
experimental studies is the use of end member compositions of columbite, tantalite, 
hafnon, zircon, titanowodginite and wodginite as starting materials for subsequent 
experiments (e.g. partitioning). Synthetic minerals are used because the mineralogy is 
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consistent and controllable and eliminates interference from trace elements and in the 
case of columbite-tantalite, different degrees of order that are present in natural samples 
(Ercit et al. 1995, Bartels et al. 2010). The synthesis of these minerals from their 
respective oxide equivalents requires temperatures in the range of 1000°-1250 °C which 
can be achieved using the flux method for hafnon and zircon, as best described by Chase 
& Osmer (1966) and used by Speer & Cooper (1982), and Hanchar et al. (2001), and 
hydrothermally (in 5% HF) for columbite-(Mn) and tantalite-(Mn), as demonstrated by 
Linnen & Keppler (1997), and Fiege et al. (2011) who successfully synthesized 
columbite-(Mn) and tantalite-(Mn). Columbite-(Mn) can be synthesized at 800 °C using 
this method, however, for tantalite-(Mn) temperatures of 1000 °C and 1250 °C, 
respectively, were required, which is outside the range of temperatures attainable in a 
normal cold seal pressure vessel (CSPV). Previous syntheses of tantalite-(Mn) and 
columbite-(Mn) were completed by Keppler (1993) at 600 °C and 200 MPa in 10% H2O 
for 40 days, however the duration of this experiment was much longer than typical 
synthesis methods. Hafnon and zircon have also been synthesized hydrothermally using 
gelatinous ZrO2 and SiO2 between 150-700 °C as presented by Frondel & Collette 
(1957), with samples synthesized between 150-350 °C requiring extra heating to remove 
substituted hydroxyl groups. Lei et al. (2014) hydrothermally synthesized columbite-
(Mn) ellipsoids by adding a MnCl2 solution to a potassium polyoxoniobate 
(K7HNb6O19·13H2O) solution under continuous magnetic stirring and heating the 
resulting precipitate to 150 °C for 24 hours. It is preferred not to use alkali elements in 
columbite and tantalite synthesis experiments because of the possibility of crystallizing 
minerals such as lueshite (NaNbO3) or compounds such as KNbO3 or LiNbO3 and their 
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tantalum equivalents (Goh et al. 2003). Columbite-(Mn) can also be synthesized by non-
aqueous methods, specifically utilizing solvo-thermal synthesis techniques as described 
by Zhang et al. (2008) and Hu et al. (2012) at temperatures around 200 °C. These three 
methods, while synthesizing columbite at low temperature, only produce nano-scale 
crystals. Nanocrystals are not preferred for dissolution and partition experiments because 
crystal-free regions of glasses need to be analyzed after experiments are quenched. 
Turnock (1966) successfully synthesized ferrowodginite at temperatures between 1000°-
1200 °C and 1 atm total pressure. Komkov (1970) and Sidorenko et al. (1974) 
synthesized wodginite, with the latter containing varying ratios of tin to manganese and 
tantalum. Ercit (1986) synthesized wodginite and titanowodginite by creating a 
stoichiometric mixture of MnCO3, SnO2 and Ta2O5, or MnCO3, TiO2 and Ta2O5 
respectively, pressing the mixture into a pellet to increase reactivity, and heating the 
samples in air for 10 hours. After the first heating the samples were ground, re-pressed 
into pellets, and re-heated for an additional 10 hours until the samples had completely 
reacted. Hydrothermal synthesis of titanowodginite has not been completed previously.  
The new method described herein is relatively simple and allows for the synthesis 
of hafnon, zircon, columbite-(Mn), tantalite-(Mn), and titanowodginite at 800°-850 °C, 
and some of the aforementioned minerals at 600 °C in CSPVs, eliminating the need for 
the use of multiple different synthesis methods for individual minerals. This technique 
also allows for lower temperature synthesis of tantalite-(Mn) than previously described. 
Successful synthesis was achieved using a technique from hydrometallurgy, which for 
years has used acid mixtures to dissolve columbite and tantalite for ore processing (e.g., 
Nishimura et al. 1964, Ayanda & Adekola 2011). Dissolution of stoichiometric oxide 
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mixtures and crystallization into their respective minerals at low temperature should also 
be possible with the correct acid ratio.  The ratio of 6N:1N (N = normal) HF:H2SO4 was 
utilized because it was determined by Htwe & Lwin (2008) that columbite and tantalite 
are highly soluble in this mixture. As niobium, tantalum, and hafnium and zirconium 
have similar chemical properties, additional experiments were conducted on 
stoichiometric mixtures of HfO2, ZrO2 and SiO2 to determine if synthesis of hafnon and 
zircon from these mixtures is also possible. This method of synthesis was attempted for 
wodginite as well, but was unsuccessful as complete synthesis did not occur, and extra 
mineral and oxide phases were present. The pressed pellet method as described in Ercit 
(1986) was attempted to synthesize wodginite but was also unsuccessful.  
2.2 Experimental procedure 
2.2.1 Hydrothermal method 
Large amounts (between 7 and 19 g) of stoichiometric oxide mixtures of the 
desired minerals were first made to reduce weighing errors. The pure oxide components 
were all purchased from Alfa Aesar with purities of: Ta2O5 – 99.85%, Nb2O5 – 99.5%, 
MnO – 99%, HfO2 – 99.95%, ZrO2 – 99.978%, SiO2 – 99.5%, TiO2 – 99.6% and SnO2 – 
99.9%. Powders were then placed in a drying oven at 110 °C for 20 minutes to drive off 
excess water from the mixtures. Columbite-(Mn) [MnNb2O6], tantalite-(Mn) [MnTa2O6], 
hafnon [HfSiO4], zircon [ZrSiO4], titanowodginite [MnTiTa2O8], and wodginite 
[Mn(Sn,Ta)Ta2O8] were then attempted to be synthesized by combining stoichiometric 
oxide mixtures and varying amounts of a 6N:1N HF:H2SO4 solution, then sealing them in 
gold capsules (length 30, i.d. 4.8, o.d. 5.0 mm), and placing the capsules in rapid quench 
CSPVs at 400°-850 °C and 200 MPa for 4 to 11 days. The oxide to acid weight ratios 
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were varied to determine the effect on crystal size, and experiment success. The larger the 
oxide to acid ratio, the larger the crystal yield per experiment, which shows that relatively 
large volumes still react completely. The amounts of oxide mixture, acid, temperature, 
and time used for each experiment are summarized in Table 2-1. The capsules were 
opened, and the contents were washed with distilled water on Pyrex dishes and then dried 
in an oven to remove any excess acid remaining. The contents were then carefully 
recovered and analyzed by micro X-Ray diffraction (μXRD), scanning electron 
microscope (SEM), and electron probe micro-analysis (EPMA).  
Table 2-1: Summary of synthesis experiment properties. 
 
Experiment 
Name
Oxide 
mixture 
(mg)
Acid 
mixture 
(mg)
Oxide to 
Acid 
ratio
Temperature 
(°C)
Pressure 
(MPa)
Duration 
(days)
Successful? 
Phases Present (maximum grain size for successful 
experiments)
MnNb2O6 Syn1 351.4 50.4 7:1 800 200 5 Yes col (250 µm)
MnNb2O6 Syn2 301.2 100.6 3:1 800 200 9 Yes col (250 µm)
HCOL-600 300.3 77.1 4:1 600 200 6 Yes col (75 µm)
MnTa2O6 Syn1 204.3 105.4 2:1 400 200 4 No Ta2O5 + MnO
MnTa2O6 Syn2 154.0 97.6 1.5:1 850 200 5 Yes tan (20 µm)
HTAN-600-7 150.8 80.0 2:1 600 200 7 Partially tan, Ta2O5
HTAN-600-14 153.5 76.1 2:1 600 200 14 Partially tan, Ta2O5
HfSiO4 Syn1 149.6 104.5 1.5:1 850 200 11 Yes hfn, minor HfO2 (20 µm)
ZrSiO4 Syn1 151.2 74.6 2:1 850 200 11 Yes zrn, minor ZrO2 (20 µm)
HWOD-Ti-800 149.6 78.7 2:1 800 200 5 Yes wod-Ti (100 µm)
HWOD-Ti-600 149.8 77.9 2:1 600 200 5 Yes wod-Ti (50 µm)
HWOD-Ti-500 153.6 78.0 2:1 500 200 6 Partially wod-Ti + Ta2O5
HWOD-Ti-400-14 147.8 57.9 2.5:1 400 200 14 Partially wod-Ti + MnF + Ta2O5
HWOD-Ti-400 148.0 79.5 2:1 400 200 5 Partially wod-Ti + MnF + Ta2O5
HWOD-Sn-700 150.7 77.3 2:1 700 200 5 Partially wod (varying stoichiometries) + Ta2O5 + SnO2
HWOD-Sn-600 149.9 66.7 2.2:1 600 200 5 Partially wod (varying stoichiometries) + tan+ Ta2O5 + SnO2
HWOD-Sn-600-14 150.2 78.0 2:1 600 200 14 Partially wod (varying stoichiometries) + tan+ Ta2O5 + SnO2
HWOD-Sn-400-7 151.2 78.3 2:1 400 200 7 Partially wod (varying stoichiometries) + Ta2O5 + SnO2
PWOD-50h 400.0 N/A N/A 1050 0.1 2.08 Partially wod+tan+SnO2+Ta2O5
PWOD-Pt 15.2 N/A N/A 1050 0.1 0.42 Partially wod+tan+SnO2+Ta2O5
PWODMnCO3 450.8 N/A N/A 1050 0.1 0.83 Partially wod+tan+SnO2+Ta2O5
PWOD-Acidtest 75.5 78.4 1:1 700 200 6 Partially Ta2O5+wod+SnO2
PWOD-HCltest 13.2 6.0 HCl 2:1 700 200 5 No SnO2+Ta2O5
Hydrothermal Synthesis experiments
Pellet experiments
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2.2.2 Pellet method 
Wodginite synthesis was attempted utilizing the method described in Ercit (1986), 
and the technique used is described below. A 5 g batch of a stoichiometric oxide mixture 
was produced using oxides purchased from Alfa Aesar with purities of: SnO2 – 99.9%, 
MnO – 99%, and Ta2O5 – 99.993%. Starting materials were mixed in acetone for one 
hour to ensure homogeneity. Approximately 400 mg of mixture was weighed and then 
pressed into a pellet, to help ensure reactivity. The pellet was placed into a benchtop 
muffle furnace (Thermolyne 47900) at 1050 °C on an alumina crucible for 10 hours. The 
sample was heated twice more at the same temperature and duration, then re-ground and 
re-pressed into a pellet, and heated for an additional 10 hours.  This grinding and heating 
was completed once more, bringing the total run time of the experiment to 50 hours at 
1050 °C. After 30 hours, 40 hours and 50 hours the sample was analyzed by µXRD to 
determine run products of the experiment. There was no change in products with 
increased time, so only the 50-hour experiment will be summarized in the results section. 
To try and remove excess tin from the experiment, a small amount was placed in a 
platinum capsule and run for 10 hours under the same conditions. This was attempted 
because SnO2 readily reduces and forms an alloy with platinum. Two experiments were 
also run in CSPVs, one containing hydrochloric acid (HCl) and one containing the acid 
mixture described above (6N:1N HF:H2SO4).   
After the failure of the first pellet experiment, a 5 g batch of a stoichiometric 
mixture of MnCO3 instead of MnO was produced using oxides purchased from Alfa 
Aesar with purities of: SnO2 – 99.9%, MnCO3 – 99.985%, and Ta2O5 – 99.993%. This 
was attempted as Ercit (1986) utilized MnCO3 as his starting manganese phase. Starting 
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materials were again mixed in acetone for one hour to ensure homogeneity, and 
approximately 400 mg of mixture was weighed and pressed into a pellet. The pellet was 
placed into a benchtop muffle furnace (Thermolyne 47900) at 1050 °C on an alumina 
crucible for 10 hours. The sample was then re-ground and re-pressed into a pellet, and ran 
for an additional 10 hours at 1050 °C.   
2.3 Analysis methods 
2.3.1 Micro X-ray diffraction 
The run products were analyzed by μXRD using a Bruker D8 Discover 
microdiffractometer in the Department of Earth Sciences at Western University (see 
Flemming 2007) with a Co Kα X-ray source (λ = 1.78897 Å) at 35 kV and 45 mA. For 
the columbite-(Mn), tantalite-(Mn) and hafnon crystals, the beam was collimated using a 
300 μm monocapillary with a 100 μm insert. For the zircon, titanowodginite, and 
wodginite experiments, a Göbel mirror parallel optics system was used with a 300 μm 
pinhole snout in place of the monocapillary, due to a change in analytical equipment in 
the laboratory. The theta-theta instrument allowed samples to remain stationary and 
horizontal while the source and detector were set to the desired θ1+θ2=2θ, where θ1=θ2 in 
coupled scan mode. Coupled scans were used to collect the data which were then 
processed from General Area Detector Diffraction System (GADDS) images using 
DIFFRAC PLUS™ Evaluation software (EVA). Unit cell values were determined with 
CELREF (Laugier & Bochu 2003) using starting unit cell parameters from best-matching 
phases in EVA from the International Centre for Diffraction Data Powder-Diffraction 
File (ICDD PDF4+ 2010, PDF4+ 2016) database. 
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2.3.2 Electron probe microanalysis 
EPMA analyses were completed at the Earth and Planetary Materials Analysis 
Laboratory at Western University, using a JEOL JXA-8530F field-emission electron 
microprobe using wavelength-dispersive spectroscopy (WDS) detectors. Probe conditions 
were, 15 kV accelerating voltage and 20 nA, with a beam size of ~1 µm. Mineral 
calibration standards used for analyses were pure tantalum wire for Ta (99.996%, Alfa 
Aesar, USA); pure manganese for Mn (99.99%, Johnson Matthey Chemicals, UK); pure 
niobium wire for Nb (99.96, Alfa Aesar, USA); pure zirconium wire for Zr (99.7%, Alfa 
Aesar, USA); quartz for Si in zircon; synthetic hafnon for Si in hafnon and Hf, rutile for 
Ti, and cassiterite for Sn (synthetic, Alfa Aesar, USA). Scanning electron microscope 
(SEM) images and Energy-dispersive X-ray spectroscopy (EDS) analyses were taken 
using the SEM-EDS on the microprobe.  
2.4 Results 
2.4.1 Hydrothermal experiments 
The MnTa2O6 Syn1, HWOD-Ti-400, HWOD-Ti-400-14, and HWOD-Sn-400-7 
experiments were attempted at very low temperature (400 °C and 200 MPa and varying 
duration, see Table 2-1 for complete experimental parameters) to determine if high 
temperature was necessary for the reaction to occur, or if retrograde solubility exists at 
low temperature. The experiments were not successful as the oxides did not react at all to 
form tantalite-(Mn), nor completely react to form wodginite or titanowodginite as the 
only phase present. Subsequent experiments were conducted at temperatures of 500 °C to 
850 °C. Tantalite-(Mn) experiments at 600 °C and a titanowodginite experiment at 500 
°C were not successful as they did not completely react to form tantalite-(Mn) and 
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titanowodginite. Successful experiments produced crystals ranging in size from <1 μm to 
250 μm. The columbite-(Mn) experiment produced crystal sizes throughout the entire 
size range of <1 μm to 250 μm, titanowodginite experiments produced crystals up to 100 
μm in size, and the tantalite-(Mn), hafnon, and zircon experiments produced crystals up 
to 20 μm in size. The change in acid to powder ratio had no effect on grain size. In the 
successful columbite-(Mn), tantalite-(Mn), and titanowodginite experiments, the 
synthesized mineral phase was the only phase identified. In the hafnon and zircon 
experiments, small amounts of unreacted HfO2 and ZrO2 were present along with hafnon 
and zircon, respectively, but no SiO2 was present. These excess phases were likely due to 
weighing error of the initial stoichiometric mixture. In partially successful tantalite and 
titanowodginite experiments, unreacted Ta2O5 was present and in the 400 °C 
titanowodginite experiments, large grains of a Mn-F compound were present. At higher 
temperatures, this phase was likely present in solution and removed after washing of the 
solid phases at the end of the experiments. All wodginite experiments are considered 
partially successful as the majority phase present was wodginite (with varying 
stoichiometries), along with tantalite, Ta2O5, and cassiterite [SnO2] present in different 
concentrations, depending on the experiment. The two main groups of stoichiometries 
from the wodginite experiments as analyzed in the 700 °C experiment are approximately 
Mn1.24Sn0.43Ta2.36O8 and Mn1.00Sn0.97Ta2.02O8, one group had non-ideal stoichiometries 
and the other had an almost ideal 1:1:2 cation ratio. See Table 2-1 for a summary of 
experiment run products for each experiment. Figure 2-1 contains SEM images of 
portions of the samples held within CrystalbondTM and polished for EPMA analyses. 
Fully ordered columbite and tantalite were the only phases identifiable from powder 
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diffraction data of the columbite-(Mn) and tantalite-(Mn) experiments (Figures 2-2 and 2-
3) as determined using the formula for order as described in Ercit et al. (1995); percent 
order = 1727 - 941.6(c - 0.2329a). Based on the above formula, the order of the samples 
ranges from 99 to 105% of their values. In the hafnon and zircon synthesis experiments, 
some diffraction peaks matched HfO2 and ZrO2 in addition to HfSiO4 and ZrSiO4 
(Figures 2-4 and 2-5), showing that a small amount of unreacted hafnium oxide and 
zirconium oxide were still present in the samples, respectively. Titanowodginite was the 
only phase identifiable by µXRD in the successful synthesis experiments (Figure 2-6), 
and peaks not matching titanowodginite on Figure 2-6 also belong to the wodginite group 
(see Appendix B for example). Main phases identified by µXRD of partially successful 
wodginite experiments (such as HWOD-Sn-700, Figure 2-7) match phases identified by 
EDS (see Appendix B for µXRD patterns and Appendix C for EDS analyses of partially 
successful experiments). The unit cell values of the successful experiments are 
summarized in Table 2-2 and EPMA results are summarized in Table 2-3. Mineral 
stoichiometries are calculated using a fixed oxygen value of 6 for columbite-(Mn) and 
tantalite-(Mn), 4 for hafnon and zircon, and 8 for titanowodginite. If stoichiometries are 
calculated using fixed cations rather than fixed oxygen, the zircon, hafnon, and tantalite-
(Mn) formulas are identical within error, and columbite-(Mn) is Mn0.96Nb2.04O6.05 for 
both 800 °C experiments and Mn0.96Nb2.04O6.06 for the 600 °C experiment. When 
calculated by fixed cations, the titanowodginite 800 °C experiment formula becomes 
Mn1.02Ti1.02Ta1.96O7.96 and the 600 °C experiment formula becomes 
Mn1.04Ti1.11Ta1.86O7.90. This could imply that the titanowodginite is becoming more 
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reduced at lower temperature, as the oxygen values are non-ideal. Tables 2-4, 2-5, and 2-
6 contain the μXRD data and refined d-spacings for all successful experiments.  
 
 
Figure 2-1: SEM image of: (A) columbite-(Mn) (MnNb2O6 Syn1) crystals (light 
gray) in epoxy (black); (B) tantalite-(Mn) (MnTa2O6 Syn2) crystals (light gray) 
in epoxy (black); (C) hafnon (HfSiO4 Syn1) crystals (small mid-gray specks) with 
residual HfO2 surrounding HfSiO4 (large light gray around mid-gray) in epoxy 
(black), dark gray crystals are hafnon crystals just below the surface of the 
epoxy; (D) zircon (ZrSiO4 Syn1) crystals (light gray) in epoxy (black), dark gray 
crystals are zircons just below the surface of the epoxy; (E) titanowodginite 
(HWOD-Ti-800) crystals (light gray) in epoxy (black); (F) wodginite (HWOD-
Sn-600-14), bright grains are wodginite, mid-gray grains are Ta-rich cassiterite, 
and black is epoxy. For all images, white scale bar is 10 μm. 
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Figure 2-2: Columbite-(Mn) (MnNb2O6 Syn1) X-ray diffraction pattern 
(Alysha_001.raw) and best matching DIF pattern from ICDD database (PDF4+ 
2010).  
 
Figure 2-3: Tantalite-(Mn) (MnTa2O6 Syn2) X-ray diffraction pattern 
(Alysha_002.raw) and best matching DIF pattern from ICDD database (PDF4+ 
2010). 
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Figure 2-4: Hafnon (HfSiO4 Syn1) X-ray diffraction pattern (Alysha_006.raw) and 
best matching DIF patterns from ICDD database (PDF4+ 2010). 
 
Figure 2-5: Zircon (ZrSiO4 Syn1) X-ray diffraction pattern (Alysha_Zircon.raw) 
and best matching DIF patterns from ICDD database (PDF4+ 2010). 
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Figure 2-6: Titanowodginite (HWOD-Ti-800) X-ray diffraction pattern 
(HWOD_Ti_May13_16_01 [001].raw) and best matching DIF pattern from ICDD 
database (PDF4+ 2010). 
 
Figure 2-7: Wodginite (HWOD-Sn-700) X-ray diffraction pattern 
(Alysha_HWOD_Sn_HTAN_03 [001].raw) and best matching DIF patterns from 
ICDD database (PDF4+ 2016). 
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Table 2-2: Refined unit cell parameters of successful synthesis experiments. 
 
Table 2-3: Average of EPMA results from successful synthesis experiments. Errors 
are ±1σ. 
 
Experiment Name a  (Å) b  (Å) c  (Å) β (°) Volume (Å3) Space group
MnNb2O6 Syn1 14.434 (±0.002) 5.768 (±0.001) 5.084 (±0.001) - 423.3 Pbcn
MnNb2O6 Syn2 14.435 (±0.004) 5.766 (±0.001) 5.085 (±0.001) - 423.2 Pbcn
HCOL-600 14.430 (±0.003) 5.772  (±0.002) 5.083 (±0.001) - 423.3 Pbcn
MnTa2O6 Syn2 14.457 (±0.003) 5.773 (±0.001) 5.096 (±0.001) - 425.4 Pbcn
HfSiO4 Syn1 6.582 (±0.001) 6.582 (±0.001) 5.970 (±0.0001) - 258.6 I 41/amd
ZrSiO4 Syn1 6.607 (±0.004) 6.607 (±0.004) 5.9898 (±0.0002) - 261.5 I 41/amd
HWOD-Ti-800 9.412 (±0.003) 11.390 (±0.003) 5.092 (±0.002) 90.61 (±0.08) 545.9 C 2/c
HWOD-Ti-600 9.412 (±0.003) 11.382 (±0.003) 5.086 (±0.001) 90.38 (±0.08) 544.8 C 2/c
Experiment Name MnNb2O6 Syn1 MnNb2O6 Syn2 HCOL-600 MnTa2O6 Syn2 HfSiO4 Syn1 ZrSiO4 Syn1 HWOD-Ti-800 HWOD-Ti-600
MnO (wt%) 20.24 (±0.16) 20.20 (±0.22) 20.11 (±0.11) 13.52 (±0.21) 12.20 (±0.10) 12.82 (±0.20)
Nb2O5 (wt%) 80.10 (±0.70) 79.80 (±0.78) 80.32 (±0.39)
Ta2O5 (wt%) 85.77 (±0.68) 73.14 (±0.62) 71.75 (±1.16)
SiO2 (wt%) 22.65 (±0.87) 32.78 (±0.63)
HfO2 (wt%) 77.50 (±0.80)
ZrO2 (wt%) 67.45 (±0.67)
TiO2 (wt%) 13.73 (±0.39) 15.43 (±0.54)
Total 100.34 100.00 100.43 99.28 100.15 100.23 99.07 100.00
Chemical formula* Mn0.96Nb2.02O6 Mn0.96Nb2.02O6 Mn0.95Nb2.02O6 Mn0.99Ta2.01O6 Hf0.99Si1.01O4 Zr1.00Si1.00O4 Mn1.02Ti1.02Ta1.97O8 Mn1.05Ti1.12Ta1.88O8
n** 10 10 10 10 10 4 13 10
* All chemical formulas have errors +/- 0.01
** n = Number of spots analysed to determine average value reported and standard deviation (σ). 
             More spots were able to be analyzed on experiments that produced larger crystals. 
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Table 2-4: μXRD data from columbite-(Mn) experiments. 
 
h k l dobs dcalc I/Io (%) h k l dobs dcalc I/Io (%) h k l dobs dcalc I/Io (%)
3 1 0 3.6939 3.6946 26.6 3 1 0 3.6963 3.6942 23.1 3 1 0 3.6959 3.6950 26.4
4 0 0 3.6099 3.6083 7.1 3 1 1 2.9860 2.9887 100 4 0 0 3.6176 3.6074 7.1
3 1 1 2.9913 2.9888 100 0 2 0 2.8805 2.8827 12.6 3 1 1 2.9927 2.9888 100
0 2 0 2.8846 2.8840 9.2 0 0 2 2.5429 2.5423 21.4 0 2 0 2.8868 2.8858 9.9
0 0 2 2.5427 2.5422 8 0 2 1 2.5062 2.5077 21.8 0 0 2 2.5423 2.5416 9.4
0 2 1 2.5088 2.5085 10.5 6 0 0 2.4083 2.4058 8.9 0 2 1 2.5092 2.5096 11.3
6 0 0 2.4067 2.4056 8.7 3 0 2 2.2485 2.2479 7.6 6 0 0 2.4066 2.4049 21.1
3 2 1 2.2247 2.2243 5.9 3 2 1 2.2248 2.2238 10 3 2 1 2.2258 2.2250 8.6
3 1 2 2.0946 2.0943 4.9 3 1 2 2.0938 2.0943 10.9 3 1 2 2.0954 2.0941 5.7
5 0 2 1.9076 1.9078 8.7 1 3 0 1.9058 1.9050 7.8 5 0 2 1.9083 1.9074 6.1
6 2 0 1.8475 1.8473 11.2 6 2 0 1.8478 1.8471 5.6 6 2 0 1.8486 1.8475 10.1
3 3 0 1.7852 1.7854 15.8 7 1 1 1.8133 1.8139 1.8 3 3 0 1.7873 1.7863 10.9
6 0 2 1.7483 1.7473 20.6 1 3 1 1.7821 1.7839 9.7 6 0 2 1.7484 1.7469 14.7
6 2 1 1.7370 1.7362 23.8 6 0 2 1.7472 1.7475 11.9 7 1 2 1.5417 1.5427 17.9
4 2 2 1.6861 1.6861 4.3 6 2 1 1.7351 1.7361 14.8 6 2 2 1.4952 1.4944 7.2
3 1 3 1.5411 1.5405 20.5 4 2 2 1.6857 1.6859 2.8 3 3 2 1.4620 1.4614 24.8
6 2 2 1.4948 1.4944 3.6 3 1 3 1.5394 1.5405 15.3 0 4 1 1.3876 1.3881 6.9
9 1 1 1.4787 1.4783 10.8 6 2 2 1.4958 1.4943 5.6 4 2 3 1.3532 1.3543 5.9
0 2 3 1.4616 1.4612 8 0 2 3 1.4614 1.4611 16.2 9 1 2 1.3207 1.3201 6.7
0 4 1 1.3870 1.3873 3.8 0 4 0 1.4418 1.4414 1.2 5 4 1 1.2508 1.2509 5.1
9 3 0 1.2313 1.2315 3.7 0 4 1 1.3873 1.3867 3.8 9 3 0 1.2315 1.2317 7.5
12 0 0 1.2024 1.2028 8.9 9 1 2 1.3202 1.3205 2.5 12 0 0 1.2026 1.2025 19.1
9 1 3 1.1421 1.1418 2.4 6 3 2 1.2919 1.2929 1.2 11 1 2 1.1425 1.1426 7.3
6 0 4 1.1233 1.1239 3.4 10 2 1 1.2513 1.2510 2.3 6 0 4 1.1234 1.1236 7.2
9 3 0 1.2314 1.2314 5 12 2 0 1.1094 1.1100 16.6
3 1 4 1.2023 1.2020 4.7
MnNb2O6 Syn1 MnNb2O6 Syn2 HCOL-600
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Table 2-5: μXRD data from tantalite-(Mn) and titanowodginite experiments. 
 
h k l dobs dcalc I/Io (%) h k l dobs dcalc I/Io (%) h k l dobs dcalc I/Io (%)
1 1 0 5.3731 5.3614 2.4 -1 1 1 4.1687 4.1839 4.3 -1 1 1 4.1646 4.1742 2.3
3 1 0 3.7032 3.6994 39.5 0 2 1 3.7991 3.7958 2.5 2 2 0 3.6270 3.6266 27.2
4 0 0 3.6206 3.6142 7.5 2 2 0 3.6314 3.6276 34.4 2 2 1 2.9511 2.9457 100
2 1 1 3.3811 3.3778 1.9 1 3 0 3.5224 3.5209 3.8 0 4 0 2.8461 2.8455 11.5
3 1 1 2.9994 2.9938 100 -2 2 1 2.9675 2.9660 98.6 0 4 1 2.4824 2.4833 37.9
0 2 0 2.8908 2.8865 13.1 2 2 1 2.9396 2.9430 100 3 3 0 2.4201 2.4177 5.4
2 2 0 2.6863 2.6807 2.5 0 4 0 2.8494 2.8475 15.7 4 0 0 2.3527 2.3529 18
0 0 2 2.5513 2.5482 7.3 -3 1 1 2.6173 2.6122 1.5 -2 0 2 2.2458 2.2434 2.7
0 2 1 2.5141 2.5116 16.4 0 4 1 2.4846 2.4852 47.3 -3 3 1 2.1901 2.1879 7.7
6 0 0 2.4094 2.4094 12.8 3 3 0 2.4180 2.4184 2.2 2 2 2 2.0777 2.0772 10.3
2 2 1 2.3730 2.3725 3.1 4 0 0 2.3529 2.3529 24.3 -3 1 2 1.9512 1.9525 4
5 1 1 2.3053 2.3056 2.8 -2 0 2 2.2517 2.2492 4.6 0 4 2 1.8950 1.8961 6.3
3 0 2 2.2537 2.2526 3.8 -3 3 1 2.1884 2.1915 9.5 4 4 0 1.8131 1.8133 4.4
3 2 1 2.2271 2.2273 4.1 -2 2 2 2.0939 2.0920 11.0 2 6 0 1.7591 1.7594 12.2
3 1 2 2.0992 2.0985 8.1 -1 3 2 2.0693 2.0670 13.1 2 6 1 1.6604 1.6615 2.6
4 2 1 2.0611 2.0625 5.4 0 4 2 1.8963 1.8979 8.6 2 2 3 1.5326 1.5328 8.4
7 1 0 1.9455 1.9446 2 4 4 0 1.8147 1.8138 5.7 6 2 1 1.4469 1.4470 20.2
0 2 2 1.9102 1.9103 8.6 2 6 0 1.7605 1.7605 16.7 0 8 1 1.3707 1.3702 6.8
6 2 0 1.8501 1.8497 8.3 5 1 1 1.7400 1.7388 9.8 0 0 4 1.2715 1.2715 1.7
7 1 1 1.8168 1.8168 6.7 4 4 1 1.7112 1.7131 20.3 6 6 0 1.2086 1.2089 4.5
1 3 1 1.7862 1.7865 16 -2 2 3 1.5419 1.5422 11.0
6 0 2 1.7522 1.7507 20.7 1 3 3 1.5262 1.5265 9.2
6 2 1 1.7396 1.7387 25.2 6 2 0 1.5126 1.5123 2.2
4 2 2 1.6889 1.6889 3.5 -3 1 3 1.4864 1.4867 2.9
4 2 2 1.6887 1.6889 3.5 -6 2 1 1.4538 1.4538 22.7
1 1 3 1.6198 1.6194 2.2 3 7 0 1.4439 1.4444 18.2
7 1 2 1.5451 1.5459 18.9 0 8 0 1.4241 1.4237 1.6
5 3 1 1.5279 1.5282 3.7 0 8 1 1.3716 1.3711 8.4
6 2 2 1.4970 1.4969 4.5 6 6 0 1.2088 1.2092 5.2
9 1 1 1.4810 1.4807 6.7
3 3 2 1.4635 1.4631 9
6 3 1 1.4415 1.4422 1
7 3 0 1.4072 1.4079 1.1
0 4 1 1.3884 1.3886 2.9
7 3 1 1.3577 1.3571 1.3
9 1 2 1.3232 1.3227 2.2
6 3 2 1.2945 1.2950 1.6
7 1 3 1.2788 1.2793 1.3
5 4 1 1.2519 1.2518 3.6
7 3 2 1.2322 1.2323 3.5
6 4 1 1.2029 1.2031 8.1
9 1 3 1.1436 1.1440 2.8
MnTa2O6 Syn2 HWOD-Ti-800 HWOD-Ti-600
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Table 2-6: μXRD data from hafnon and zircon experiments. 
 
2.4.2 Pellet experiments 
Pellet experiment PWOD-50h (synthesis from all oxide components) produced 
wodginite crystals ranging in size from <1 μm to 10 μm and the majority of crystals 
present were <1 μm in size. Other phases present in the experiment are tantalite, 
cassiterite and Ta2O5, and the majority of the cassiterite contains some Ta2O5 as an 
impurity (see Appendix D for XRD patterns and Appendix E for example EDS spectra). 
PWOD-50h was completed in 10-hour increments and was analyzed by XRD at the 30-
hour, 40-hour, and 50-hour intervals. The X-ray diffraction patterns did not change with 
h k l dobs dcalc I/Io (%) h k l dobs dcalc I/Io (%)
0 1 1 4.4311 4.4219 51.1 0 1 1 4.4319 4.4376 13.9
0 2 0 3.2964 3.2910 100 0 2 0 3.3056 3.3036 100
1 2 1 2.6439 2.6401 33.7 1 2 1 2.6466 2.6499 10.8
2 2 0 2.3262 2.3271 19.2 1 1 2 2.5192 2.5213 95.6
0 2 2 2.2116 2.2109 4.6 2 2 0 2.3365 2.3360 20.6
0 3 1 2.0586 2.0593 25.1 0 3 1 2.0703 2.0671 35.3
1 0 3 1.9055 1.9048 26.2 1 0 3 1.9112 1.9112 16
2 3 1 1.7460 1.7457 34.9 2 3 1 1.7517 1.7523 14.3
3 1 2 1.7079 1.7073 92.4 3 1 2 1.7133 1.7136 65.3
2 1 3 1.6471 1.6486 31.5 2 1 3 1.6536 1.6543 22.3
1 4 1 1.5419 1.5422 11.2 0 3 3 1.4787 1.4792 17.6
0 0 4 1.4924 1.4924 6 3 3 2 1.3821 1.3817 27.9
3 3 2 1.3760 1.3766 20.7 0 2 4 1.3639 1.3639 16.4
0 2 4 1.3595 1.3592 18.6 2 2 4 1.2612 1.2606 13.1
3 2 3 1.3447 1.3452 4.6
0 5 1 1.2852 1.2855 13.1
2 2 4 1.2563 1.2563 16.5
1 4 3 1.2448 1.2452 7.9
5 2 1 1.1977 1.1974 3.5
5 1 2 1.1848 1.1848 19.6
0 1 5 1.1750 1.1748 1.8
4 4 0 1.1636 1.1636 7.1
HfSiO4 Syn1 ZrSiO4 Syn1
50 
 
time or grinding and re-pressing of the pellet between runs. To try and force PWOD-50h 
to completely react to wodginite, three methods were tested – running part of the 
experiment in a platinum capsule to remove tin through alloying with platinum (PWOD-
Pt), running the experiment in the 6N:1N HF:H2SO4 acid mixture used above (PWOD-
Acidtest), and running part of the experiment in 38% HCl (PWOD-HCltest). PWOD-Pt 
and PWOD-Acidtest showed no change in run products after the experiments had been 
completed, for 10 hours at 1050 °C and 1 atm and 6 days at 700 °C and 200 MPa 
respectively. PWOD-HCltest caused the wodginite mixture to decompose back into its 
starting materials, cassiterite and Ta2O5, with manganese assumed to be removed from 
the experiment as MnCl2 in the fluid.  
 Pellet experiment PWODMnCO3 (synthesis from oxide and MnCO3 components) 
produced wodginite crystals ranging in size from <1 μm to 10 μm and most of crystals 
present were <1 μm in size. As in PWOD-50h, extra phases present in the experiment are 
tantalite, cassiterite and Ta2O5, and the majority of the cassiterite contains Ta2O5 (see 
Appendix E for example EDS spectra). There were no changes in XRD patterns between 
the two experiments, showing that the addition of manganese as MnCO3 instead of MnO 
did not affect the reactivity of the starting materials.   
2.5 Discussion 
2.5.1 Hydrothermal experiments 
Columbite-(Mn) experiments MnNb2O6 Syn1 and MnNb2O6 Syn2 have nearly 
identical unit cell values. This is important to note because MnNb2O6 Syn1 had an 
approximately 7:1 oxide mixture to acid ratio and ran for 5 days, whereas MnNb2O6 Syn2 
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had a 3:1 ratio and ran for 9 days. The former experiment shows that columbite-(Mn) can 
be synthesized with a low oxide mixture/acid ratio, and a shorter amount of time, with an 
increased amount of crystals synthesized per experiment. HCOL-600 also has similar unit 
cell values with a slight variation in the b parameter, and almost identical chemical 
composition. This shows that columbite-(Mn) can be produced at 600 °C with little effect 
on the composition or structure. Tantalite-(Mn) experiment MnTa2O6 Syn2 was 
completed with a 1.5:1 oxide mixture to acid ratio, because tantalite-(Mn) was more 
difficult to synthesize than columbite-(Mn). The chemical formulae determined from 
EPMA analysis of the columbite-(Mn) and tantalite-(Mn) are Mn0.96Nb2.02O6 and 
Mn0.99Ta2.01O6, respectively. The synthesis was successful because both the identifiable 
phases from the diffraction patterns and the chemical formulae as determined by EPMA 
matched columbite-(Mn) and tantalite-(Mn), respectively.  
 As mentioned above, in the case of hafnon and zircon, some diffraction peaks 
match HfO2 and ZrO2 in addition to HfSiO4 and ZrSiO4. Therefore, small amounts of 
unreacted hafnium oxide and zirconium oxide were still present in the sample. As no 
SiO2 was identified, this could be attributed to the starting mixture having a slight excess 
amount of HfO2. Another possibility is that the HF dissolved SiO2 creating SiF4 or other 
Si-F species present in solution, reducing the amount of SiO2 available to react with the 
other oxides. Alternatively, water may have been absorbed to the starting SiO2 causing a 
weighing error and preheating the SiO2 to 800 °C in the future is recommended. This is 
supported by SEM images of the hafnon and zircon crystals (shown in Figure 2-1). The 
chemical formulae for the synthesized hafnon and zircon are Hf0.99Si1.01O4, and 
Zr1.00Si1.00O4, respectively, with no extra HfO2 or ZrO2 present in the analyzed crystals.  
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 Titanowodginite experiments HWOD-Ti-800 and HWOD-Ti-600 both 
successfully produced titanowodginite with only a slight difference in grain size between 
the two, where the 800 °C experiment produced larger grains than the 600 °C experiment. 
Unit cell parameters between the two experiments are nearly identical, however, there is 
a marked difference between the chemical compositions. The chemical formulae for the 
800 °C and 600 °C experiments are Mn1.02Ti1.02Ta1.97O8, and Mn1.05Ti1.12Ta1.88O8, 
respectively. The higher temperature experiment produced crystals much closer to 
stoichiometric values, with the lower temperature experiment having higher titanium and 
lower tantalum values. This could be due to the high solubility of titanium in HF. The 
homogeneity of the grains was also much greater in the 800 °C experiment, with errors 
being approximately half of those reported for the 600 °C experiment (errors are reported 
as 1σ standard deviation of the number of spots analyzed). This demonstrates that 
hydrothermal synthesis of hafnon, zircon, columbite-(Mn), tantalite-(Mn) and 
titanowodginite are successful at 600° to 850 °C (depending on mineral in question), 200 
MPa, in a 6N:1N HF:H2SO4 solution.  
 All attempts at crystallizing wodginite using the same method as titanowodginite 
were not completely successful. The only change observed with temperature variation 
(from 400 °C to 700 °C) and time (from 5 – 14 days) was that at 600 °C tantalite was 
observed in the reaction products and at all other temperatures only wodginite of varying 
stoichiometries, cassiterite, and Ta2O5 were present. The reason for this change in phases 
at 600 °C is unknown, and more research is needed to pinpoint how to completely 
synthesize wodginite using this hydrothermal synthesis method.   
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2.5.2 Pellet experiments 
Pellet experiments were completed to attempt to synthesize wodginite for use in 
experiments described in McNeil (2018, Chapters 3 and 4). It was assumed that these 
experiments would be successful as they were copying the method as described by Ercit 
(1986). However, there was always appreciable amounts of Ta-rich cassiterite, Ta2O5 and 
small amounts of tantalite remaining after all the synthesis attempts. Ercit (1986) only 
provides refined unit cell values for the pellet synthesis of wodginite and titanowodginite 
and does not provide XRD patterns of the run products of his experiments. It is possible 
to calculate refined unit cell values without having complete reaction to wodginite or 
titanowodginite. Without seeing the XRD patterns from Ercit (1986), it is not possible to 
determine if the complete reaction to wodginite was possible by others using this method. 
Due to the necessity of pure wodginite as a starting material for the experiments in 
McNeil (2018, Chapters 3 and 4), the run products from the experiments described above 
were not used in experiments in this study.  
2.6 Applications 
The successful synthesis of columbite-(Mn), tantalite-(Mn), titanowodginite, 
zircon and hafnon at temperatures attainable by CSPVs is essential to the experimental 
study of these minerals and to understanding of the natural environments in which they 
form. Columbite-(Mn), tantalite-(Mn), and zircon are commonly associated with evolved 
granites and pegmatites, as well as carbonatites, with the former being the subject of 
experimental studies in an attempt to determine crystallization mechanisms. 
Titanowodginite is a rare mineral typically associated with pegmatites and can be used as 
a synthetic analogue for wodginite studies. Synthetic columbite-(Mn), tantalite-(Mn), 
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titanowodginite, hafnon and zircon can be used in solubility experiments to determine the 
solubility of niobium, tantalum, hafnium and zirconium in highly fluxed granitic melts 
and pegmatites of varying compositions. The method of synthesis described herein 
provides a simple method of synthesis of these minerals for use in experimental studies. 
Some examples of these types of experiments are Bartels et al. (2010), Chevychelov et 
al. (2010), Van Lichtervelde et al. (2010), Fiege et al. (2011), and Aseri et al. (2015). To 
date, experimental studies use synthetic end member compositions as starting materials. 
Our method can potentially be used to synthesize compositions along the columbite-
tantalite, and zircon-hafnon solid solutions. Solubility experiments are usually performed 
at 800 °C or greater, which is higher than the liquidus for pegmatite crystallization which 
is approximately 700 °C (London 1992). Crystallization of other minerals at low 
temperatures (most commonly micas and feldspars) makes it impossible to calculate 
solubility products. Therefore, experiments are performed at higher temperatures and the 
data is extrapolated to the zone in which pegmatites typically crystallize. In highly fluxed 
melt compositions, experiments at 700 °C are possible because of the lowering of the 
liquidus due to the presence of fluxes in the melt. Zircon and hafnon are important 
starting materials for future experimental studies; this is because Van Lichtervelde et al. 
(2007) showed that at the Tanco pegmatite, MB, Canada, zircon and tantalum oxides 
crystallized from the same melt at the same time, showing that similar mechanisms may 
have caused zircon/hafnon, and niobium/tantalum oxides to crystallize.  
 Another application to geological environments is to investigate the cause of 
cation order-disorder in the crystal structures of columbite and tantalite. In nature, 
columbite and tantalite are commonly found to have a cation-disordered crystal structure, 
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whereas their synthetic equivalents have a cation-ordered crystal structure. The 
disordered structure was first described by Nickel et al. (1963) but has since been 
characterized by Wise et al. (1985) and Ercit et al. (1995).  This new method of synthesis 
at temperatures attainable by CSPVs for both tantalite-(Mn) and columbite-(Mn) can 
enable the study of mechanisms that may cause disorder, such as trace elements and 
undercooling, to be studied using the same synthesis method, and at temperatures and 
conditions more comparable to nature.  
2.7 Conclusion 
Columbite, tantalite, hafnon and zircon are minerals commonly used in 
experimental petrology to study HFSE mineralization in pegmatites and other types of 
ore deposits. Titanowodginite has not been previously studied but will be used as a 
synthetic analogue to natural wodginite. In order to perform accurate experiments, 
synthetic equivalents of these minerals are used to eliminate the effect of trace elements 
and variable structural states inherent in natural samples. These types of minerals have 
been used in mineral solubility experiments on pegmatites and granites, and experiments 
on cation order-disorder of columbite-(Mn) and tantalite-(Mn). Previous synthesis 
required different methods depending on the mineral in question, or as in the case of 
tantalite-(Mn), temperatures greater than 1000 °C. This method was adopted from 
hydrometallurgy literature. A 6N:1N HF:H2SO4 solution resulted in the successful 
synthesis of columbite-(Mn), tantalite-(Mn), titanowodginite, hafnon, and zircon at 600°-
850 °C and 200 MPa. This provides an alternative method for synthesizing these minerals 
with grain sizes up to 250 μm for columbite-(Mn), 100 μm for titanowodginite, and up to 
20 μm for tantalite-(Mn), zircon and hafnon, using the same method in rapid quench 
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CSPVs, as opposed to multiple different techniques which require higher temperatures or 
produce sub-micron grains. Wodginite could not be synthesized using either the 
hydrothermal or pellet method, and more research needs to be completed into the 
complete reaction of wodginite from its starting materials using these or other methods.  
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Chapter 3  
3 Solubility of wodginite, titanowodginite, microlite, 
pyrochlore, columbite-(Mn) and tantalite-(Mn) in a flux-
rich haplogranitic melt of ASI 1.0 between 700°-850 °C 
and 200 MPa 
 
Alysha G. McNeil, Robert L. Linnen, and Roberta L. Flemming 
Department of Earth Sciences, Western University, 1151 Richmond Street North, 
London, ON N6A 5B7, Canada 
3.1 Introduction 
Niobium and tantalum are rare metals that are used in many modern technologies 
such as alloys, capacitors, superconductors, etc. (Linnen et al. 2014). They are located in 
group five of the periodic table, and both have charges of 5+ at most geologically relevant 
redox conditions with slightly varying electronegativities and identical ionic radii. 
Niobium and tantalum are classified as high field strength elements (HFSEs) and are 
incompatible; they stay in the melt during crystallization of typical rock forming 
minerals. Therefore, these minerals are usually found in pegmatites which represent the 
final residual melts from granitic magma bodies (Winter 2010). Due to this, pegmatites 
also contain high amounts of fluxing elements and compounds such as lithium, 
phosphorus, boron, fluorine and water, which reduce the pegmatite melt solidus 
temperature. Some examples of pegmatites known for their tantalum deposits are Tanco 
(Canada), Greenbushes and Wodgina (Australia), Kenticha, (Ethiopia), and Marropino 
(Mozambique) (Mackay & Simandl 2014). Niobium mines are typically hosted in 
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carbonatites, but peralkaline complexes can also contain high niobium contents. Niobium 
minerals are also present at lower concentrations in granitic pegmatites associated with 
tantalum. Tantalum and niobium are in demand by various industries such as steel and 
electronics due to unique properties they possess (high melting point, density and 
resistance to corrosion) or impart to existing metals when added. Tantalum provides a 
high capacitance per volume leading to smaller sized tantalum capacitors in smartphones 
and computers, and the addition of niobium to stainless steel alloys creates high strength 
steel. This, combined with the almost singular locations in which they are produced 
(Brazil for niobium and Central Africa for tantalum), led to their classification as 
strategic or critical metals (Graedel et al. 2014).  
Tantalum and niobium have many different mineral phases, of which the most 
important ore minerals are: columbite group [(Mn,Fe)Nb2O6], tantalite group 
[(Mn,Fe)Ta2O6], wodginite group [e.g. Mn(Sn,Ta)Ta2O8], titanowodginite [MnTiTa2O8], 
microlite group [e.g. (Na,Ca)2Ta2O6(O,OH,F)] and pyrochlore group [e.g. 
(Na,Ca)2Nb2O6(O,OH,F)].  Columbite-(Mn) and tantalite-(Mn) have been mined from 
many deposits such as Tanco, Canada; or Greenbushes, Australia and wodginite was 
predominantly mined from Wodgina, Australia. The Mount Cassiterite deposit, located 
roughly 400 m south of Wodgina, contains primary mineralization of wodginite and 
columbite-(Mn), tantalite-(Mn), tin-bearing microlite, defect microlite and fibrous 
calciotantite (Mackay & Simandl 2014). Wodginite and microlite are also the most 
common rare metal minerals at the Tanco pegmatite (Ercit 1986). With respect to 
tantalum, tantalite, wodginite, and microlite constitute the minerals of highest economic 
importance (Papp 2014). Pyrochlore mineralization is predominantly mined from 
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carbonatite deposits but can be associated with columbite-(Mn), tantalite-(Mn) and 
microlite. There have been numerous experimental studies completed on the manganese 
end members of columbite and tantalite, from research into the effects of fluxes (Keppler 
1993; Linnen 1998; Linnen 2005; Fiege et al. 2011; Aseri et al. 2015; Tang et al. 2016; 
Fiege et al. 2018) or melt composition (Linnen & Keppler 1997; Van Lichtervelde et al. 
2010; Bartels et al. 2010; Chevychelov et al. 2010) on their solubility, to order-disorder 
in their crystal structure (Wise et al. 1985; Ercit et al. 1995; Tarantino et al. 2005), to 
niobium/tantalum partitioning in other mineral phases (Brenan et al. 1994; Tiepolo et al. 
2000; Tiepolo et al. 2002; Schmidt et al. 2004; Prowatke & Klemme 2005; Klemme et al. 
2005; Baier et al. 2008; Klemme et al. 2011; Van Lichtervelde et al. 2011; Nardi et al. 
2013). From these studies, the following effects of various parameters on the solubility of 
columbite-(Mn) and tantalite-(Mn) in haplogranitic melts have been shown: solubility is 
strongly dependent on melt composition (whether the melt contains excess aluminum or 
excess alkalis) and temperature, addition of fluorine as fluoride has little to no effect, 
addition of phosphorus lowers the solubility in peralkaline melts and slightly increases 
the solubility in subaluminous and peraluminous melts, addition of boron has no effect in 
peralkaline systems and slightly increases solubility in subaluminous and peraluminous 
melts, and an increase in water content increases solubility in haplogranitic melts.   
However, there has been no experimental research on the solubilities of 
wodginite, titanowodginite, microlite or pyrochlore in haplogranitic melts, for 
comparison to columbite-(Mn) and tantalite-(Mn). There has been no experimental 
research as to why certain ore minerals of niobium or tantalum form over others, such as 
tantalite-(Mn) versus wodginite or microlite. This information is essential to 
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understanding the crystallization mechanisms and distribution of these minerals between 
deposit types and localities worldwide. This study describes the solubility of wodginite, 
titanowodginite, microlite, and pyrochlore in comparison to columbite-(Mn) and 
tantalite-(Mn) in a flux-rich melt of ASI 1.0 [molar Al/(Na+K)] between temperatures of 
700°-850 °C and 200 MPa. This glass composition was chosen as it represents a 
subaluminous glass where the molar amount of alkalis is equal to the molar amount of 
aluminum and contains high amounts of fluxes as is typical of pegmatites in natural 
settings.  
3.2 Experimental procedure 
3.2.1 Starting minerals 
Dissolution and crystallization experiments used synthetic columbite-(Mn) and 
tantalite-(Mn) from synthesis experiments MnNb2O6 Syn1 and MnTa2O6 Syn2, 
respectively, that are characterized in McNeil et al. (2015) (also McNeil 2018, Chapter 
2). Other minerals used are synthetic titanowodginite (HWOD-Ti-800, McNeil 2018, 
Chapter 2) which was produced using the method described in McNeil et al. (2015) and 
natural microlite (Ipe mine, Brazil), pyrochlore (Vishnevogorsk, Russia) and wodginite 
(Linopolis District, Brazil). These minerals have been characterized by scanning electron 
microscope (SEM), electron probe micro-analysis (EPMA) (Table 3-1), and micro X-Ray 
diffraction (μXRD) (Tables 3-2, 3-3 and 3-4) and natural minerals have been determined 
to be homogeneous. Appendix F contains XRD patterns and images of natural starting 
minerals. McNeil (2018, Chapter 2) provides XRD patterns for the synthetic minerals 
used in this study.  
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Table 3-1: Average of EPMA results from starting minerals. Errors in brackets are 
± 1σ. Iron in wodginite is assumed to be FeO due to calculated mineral 
stoichiometry (Mn site deficiency).  
 
Table 3-2: Refined unit cell parameters of starting minerals. 
 
Table 3-3: μXRD data for microlite and pyrochlore starting minerals. 
 
Experiment Name MnNb2O6 Syn1 MnTa2O6 Syn2 HWOD-Ti-800
Natural Wodginite 
101893 
Natural Pyrochlore Natural Microlite 1
MnO (wt%) 20.24 (0.16) 13.52 (0.21) 12.20 (0.10) 7.25 (0.13) 0.42 (0.06)
Nb2O5 (wt%) 80.10 (0.70) 5.14 (0.25) 67.95 (0.30) 4.65 (0.40)
Ta2O5 (wt%) 85.77 (0.68) 73.14 (0.62) 66.36 (0.46) 0.10 (0.09) 72.52 (0.96)
TiO2 (wt%) 13.73 (0.39) 0.59 (0.06) 3.63 (0.09) 1.45 (0.22)
SnO2 (wt%) 14.02 (0.60) 0.20 (0.04)
Sc2O3 (wt%) 0.161 (0.01) 0.19 (0.01)
Na2O (wt%) 6.96 (0.08) 2.05 (0.11)
CaO (wt%) 16.33 (0.32) 14.49 (0.62)
FeO (wt%) 5.42 (0.16)
La2O3 (wt%) 0.331 (0.07)
Ce2O3 (wt%) 0.67 (0.14)
SrO (wt%) 0.67 (0.08)
F (wt%) 5.48 (0.05) 2.22 (0.08)
2F=O -2.31 -0.94
Total 100.34 99.28 99.35 98.94 99.82
97.27 (difference 
assumed to be OH)
n* 10 10 13 30 42 30
MnNb2O6 Syn1 and MnTa2O6 Syn2 are from McNeil et al. (2015)
* n = Number of spots analysed to determine average value reported and standard deviation (σ). More spots were analyzed on 
natural samples to determine homogeneity. 
2F=O represents the fluorine oxygen equivalent for oxide calculations
Experiment Name MnNb2O6 Syn1* MnTa2O6 Syn2* Natural Pyrochlore Natural Microlite 1 HWOD-Ti-800 Natural Wodginite 101893
a  (Å) 14.434 (±0.002) 14.457 (±0.003) 10.426 (±0.006) 10.416 (±0.006) 9.412 (±0.003) 9.494 (±0.004)
b  (Å) 5.768 (±0.001) 5.773 (±0.001) 10.426 (±0.006) 10.416 (±0.006) 11.390 (±0.003) 11.469 (±0.005)
c  (Å) 5.084 (±0.001) 5.096 (±0.001) 10.426 (±0.006) 10.416 (±0.006) 5.092 (±0.002) 5.136 (±0.002)
β (°) 90 90 90 90 90.61 (±0.08) 90.92 (±0.22)
Volume (Å3) 423.3 425.4 1133.5 1129.9 545.9 559.1
Space group Pbcn Pbcn Fd- 3m Fd- 3m C 2/c C 2/c
* From McNeil et al. (2015)
h k l dobs dcalc I/Io (%) h k l dobs dcalc I/Io (%)
2 2 2 3.0084 3.0066 100 2 2 2 3.0091 3.0098 100
3 1 3 2.3871 2.3894 2.2 5 3 3 1.5904 1.5900 3.2
5 3 3 1.5887 1.5883 8.7 4 4 4 1.5053 1.5049 22.3
4 4 4 1.5041 1.5033 26.6 1 3 7 1.3568 1.3574 0.6
1 3 7 1.3557 1.3560 3.5
1 5 7 1.2025 1.2027 1.7
Natural Microlite 1 Natural Pyrochlore
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Table 3-4: μXRD data for titanowodginite and wodginite starting minerals. 
 
3.2.2 Starting glass 
The composition of the haplogranitic starting glass was designed to be 
comparable to the glass used by Aseri et al. (2015), a flux-rich composition where the 
200 MPa water saturated granite minimum meets the albite-orthoclase tie line in melts 
containing phosphorus (see London et al. 1993). A composition rich in fluxes was chosen 
because melt inclusions of niobium/tantalum host pegmatites and granites contain high 
concentrations of fluxes (e.g., Badanina et al. 2010; Borisova et al. 2012). Ultra-pure 
starting materials were used so that the glass would be as free of trace calcium as possible 
to eliminate apatite formation in the starting glass. Starting materials were purchased 
h k l dobs dcalc I/Io (%) h k l dobs dcalc I/Io (%)
-1 1 1 4.1687 4.1839 4.3 2 2 0 3.6603 3.6564 24.4
0 2 1 3.7991 3.7958 2.5 -2 2 1 2.9893 2.9961 58.8
2 2 0 3.6314 3.6276 34.4 2 2 1 2.9688 2.9611 100
1 3 0 3.5224 3.5209 3.8 0 4 0 2.8672 2.8671 11.7
-2 2 1 2.9675 2.9660 98.6 0 0 2 2.5644 2.5675 10.5
2 2 1 2.9396 2.9430 100 0 4 1 2.5039 2.5033 30.7
0 4 0 2.8494 2.8475 15.7 4 0 0 2.3761 2.3733 6.0
-3 1 1 2.6173 2.6122 1.5 -3 3 1 2.2164 2.2128 11.7
0 4 1 2.4846 2.4852 47.3 -2 2 2 2.1154 2.1136 5.7
3 3 0 2.4180 2.4184 2.2 0 4 2 1.9137 1.9127 6.0
4 0 0 2.3529 2.3529 24.3 -2 2 3 1.5575 1.5576 6.8
-2 0 2 2.2517 2.2492 4.6 -1 3 3 1.5457 1.5451 15.1
-3 3 1 2.1884 2.1915 9.5 0 4 3 1.4692 1.4697 52.1
-2 2 2 2.0939 2.0920 11.0 5 5 0 1.4622 1.4626 34.0
-1 3 2 2.0693 2.0670 13.1 0 8 1 1.3805 1.3808 16.2
0 4 2 1.8963 1.8979 8.6 0 0 4 1.2839 1.2837 13.2
4 4 0 1.8147 1.8138 5.7 -2 0 4 1.2441 1.2443 7.7
2 6 0 1.7605 1.7605 16.7 6 6 0 1.2198 1.2188 7.1
5 1 1 1.7400 1.7388 9.8 4 8 1 1.1909 1.1912 17.6
4 4 1 1.7112 1.7131 20.3 8 4 0 1.0959 1.0964 7.0
-2 2 3 1.5419 1.5422 11.0
1 3 3 1.5262 1.5265 9.2
6 2 0 1.5126 1.5123 2.2
-3 1 3 1.4864 1.4867 2.9
-6 2 1 1.4538 1.4538 22.7
3 7 0 1.4439 1.4444 18.2
0 8 0 1.4241 1.4237 1.6
0 8 1 1.3716 1.3711 8.4
6 6 0 1.2088 1.2092 5.2
HWOD-Ti-800 Wodginite 101893
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from Alfa Aesar with purities of SiO2 – 99.999%, Al2O3 – 99.995%, Na2CO3 – 99.997%, 
K2CO3 – 99.997%, Li3PO4 – 99.99%, AlF3 – 99.99%, and B2O3 – 99.98%. SiO2, Al2O3, 
Na2CO3, and K2CO3 were mixed together by hand using a mortar and pestle for one hour 
and then de-carbonated in a furnace at 900 °C for 2 hours in platinum crucibles. The 
sinter was then crushed and ground for 1 hour, and mixed with the Li3PO4, AlF3, and 
B2O3. The mixture was placed in platinum crucibles and melted for 24 hours at 1200 °C. 
The glass was then reground and mixed by hand using a mortar and pestle for four hours 
to ensure homogeneity, and this process of heating and grinding was repeated twice for a 
total of three melting stages. Approximately 350 mg batches of hydrous glasses were 
made for use in experiments by adding approximately 35 µL NanopureTM water 
(resistivity = 18.2 MΩ) to the anhydrous starting glass (PEGA) and running for one day 
at 850 °C and 200 MPa in cold seal pressure vessels (CSPVs). The compositions of the 
final anhydrous and hydrous glasses are given in Table 3-5.  
3.2.3 Solubility experiments 
Gold tubing for capsules (o.d. 2.9 mm, i.d. 2.6 mm) was cut to the desired length 
(15 mm) and cleaned by boiling in 38% HCl diluted 5:1 with deionized water, and then 
cleaned with acetone to remove any organic residue. Tubing was then annealed at 600 °C 
for 15 minutes to soften the gold for sealing and welding. Bottoms of the capsules were 
welded, and then the capsules were filled with 2 mg NanopureTM water (resistivity = 18.2 
MΩ) and a mixture of 30 mg hydrous PEGA glass and 3 mg of the various tantalum or 
niobium oxide minerals for the specific experiment. The minerals were thoroughly mixed 
with the glasses by hand to not crush the crystals prior to addition to the capsule and to 
ensure equal distribution. The capsules were then sealed using a micro-spot arc welder 
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and placed in an oven at 110 °C for 20 minutes to check for leaks. Any capsule exhibiting 
weight loss after heating was discarded. Sealed capsules were then placed in rapid quench 
CSPVs at 700°-850 °C and 200 MPa for 5 to 10 days. Reverse (crystallization) 
experiments were first run for 5 days at 850 °C, then cooled to either 700 °C or 750 °C 
and left for another 5 days (10 days total) to approach equilibrium from crystallization 
instead of dissolution. After the desired run duration, the experiments were rapidly 
quenched and after removal from the CSPV, the capsules were re-weighed to ensure no 
weight loss over the duration of the experiment. The capsules were then opened, and 
Table 3-5: Composition of starting anhydrous glass PEGA and hydrous glasses 
used for experiments. All hydrous starting glasses have identical compositions 
within error. 
 
Oxides PEGA (wt%)
PEGA-TiWOD-1 
(wt%)
PEGA-H1 
(wt%)
PEGA-H2 
(wt%)
PEGA-H3 
(wt%)
PEGA-H4 
(wt%)
PEGA-H5 
(wt%)
SiO2 63.75 (1.08)
a 60.00 (1.12)a 59.31 (1.05)a 60.57 (1.20)a 60.62 (1.30)a 59.73 (0.80)a 59.77 (0.96)a
Al2O3 17.85 (0.49)
a 16.55 (0.56)a 16.39 (0.62)a 16.81 (0.51)a 16.77 (0.39)a 16.81 (0.52)a 16.73 (0.43)a
K2O 4.39 (0.18)
a 4.13 (0.12)a 4.05 (0.19)a 4.10 (0.12)a 4.06 (0.15)a 4.11 (0.13)a 4.13 (0.17)a
Na2O 8.34 (0.44)
a 7.34 (0.51)a 7.26 (0.50)a 7.48 (0.57)a 7.53 (0.51)a 7.35 (0.49)a 7.27 (0.53)a
P2O5 1.66 (0.19)
a 1.59 (0.24)a 1.53 (0.13)a 1.51 (0.32)a 1.55 (0.31)a 1.53 (0.28)a 1.52 (0.24)a
B2O3 2.36 (0.06)
b 2.36 (0.06)c 2.36 (0.06)c 2.36 (0.06)c 2.36 (0.06)c 2.36 (0.06)c 2.36 (0.06)c
Li2O 1.05 (0.04)
b 1.05 (0.04)c 1.05 (0.04)c 1.05 (0.04)c 1.05 (0.04)c 1.05 (0.04)c 1.05 (0.04)c
F 0.76 (0.44)a 0.90 (0.35)a 0.93 (0.27)a 0.90 (0.27)a 0.90 (0.34)a 0.89 (0.26)a 0.88 (0.31)a
2F=O -0.32 -0.38 -0.39 -0.38 -0.38 -0.37 -0.37
H2O - 6.46
d 7.51d 5.60d 5.54d 6.54d 6.66d
Total 99.84 93.54 92.49 94.40 94.46 93.46 93.34
ASI 0.97 1.00 1.00 1.00 1.00 1.02 1.02
ASILi 0.81 0.82 0.82 0.83 0.82 0.84 0.84
d Calculated by difference of total oxides measured
3σ standard deviation is given in parentheses
ASI molar ratio of Al/(Na + K)         ASILi molar ratio of Al/(Na + K + Li)
a Measured by EPMA
b Measured by Actlabs using ICP-MS
c Measured by Actlabs using ICP-MS (of original PEGA anhydrous starting glass)
2F=O represents the fluorine oxygen equivalent for oxide calculations
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representative glass chips were made into epoxy mounts for analysis by SEM and EPMA, 
with smaller pieces saved as witness chips. 
3.3 Analytical methods 
3.3.1 Micro X-ray diffraction 
The starting minerals were analyzed by μXRD in the Department of Earth 
Sciences at Western University using a Bruker D8 Discover microdiffractometer (see 
Flemming 2007). A Co Kα X-ray source (λ = 1.78897 Å) was used at 35 kV and 45 mA 
with a Göbel mirror parallel optics system utilizing a 300 μm pinhole snout. The use of 
the theta-theta instrument allowed samples to remain horizontal and stationary while the 
detector and source were set to the desired θ1+θ2=2θ, where θ1=θ2 in coupled scan mode 
and θ1≠θ2 in omega scan mode. Coupled scan parameters utilized were θ1=θ2=18.75°, 
ω=47°, either 20 or 30-minute duration depending on analysis, and omega scan 
parameters utilized were θ1=14.5°, θ2=22°, ω=10°, 10-minute duration for frame one, and 
θ1=35.5°, θ2=40°, ω=18°, 18-minute duration for frame two. Omega scans allow for more 
reflections to be collected as the detector and source move simultaneously throughout the 
scan, instead of the need for the sample to rotate. Coupled scans were used to collect the 
data on crushed samples, and omega scans were used on single crystals, which were then 
processed from General Area Detector Diffraction System (GADDS) images using 
DIFFRAC PLUS™ Evaluation software (EVA). Unit cell values were determined with 
CELREF (Laugier & Bochu 2003) using starting unit cell parameters from best-matching 
phases in EVA from the International Centre for Diffraction Data Powder-Diffraction 
File (ICDD PDF4+ 2016) database. 
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3.3.2 Electron probe microanalysis 
Major and trace element analyses of experiments and starting materials were 
completed at the Earth and Planetary Materials Analysis Laboratory at Western 
University using a JEOL JXA-8530F field-emission electron microprobe. Electron 
microprobe conditions for starting mineral analyses were 15 kV accelerating voltage and 
20 nA current, with a beam size of ~10 µm using wavelength-dispersive spectroscopy 
(WDS) detectors. Analysis counting times were 60 seconds on peak positions and 30 
seconds on each upper and lower background. Mineral calibration standards used for 
these analyses were pure tantalum wire for Ta (99.996%, Alfa Aesar, USA); pure 
manganese for Mn (99.99%, Johnson Matthey Chemicals, UK); pure niobium wire for 
Nb (99.96%, Alfa Aesar, USA); pure iron for Fe (99.995%, Alfa Aesar, USA); synthetic 
rutile for Ti; synthetic cassiterite for Sn (Alfa Aesar, USA); pure scandium for Sc 
(99.99%, Johnson Matthey Chemicals, UK); Amelia albite for Na; monazite for Ce and 
La (Buenopolis, Minas Gerais, Brazil); synthetic SrTiO2 (C.M. Taylor) for Sr; and 
synthetic fluorite for F and Ca. Probe conditions for glass analyses were 20 kV 
accelerating voltage and 2 nA current, using WDS detectors, with a beam size of ~20 µm 
in order to prevent sodium migration and water loss during analyses as described in 
Morgan & London (1996). Analysis counting times were 30 seconds on peak positions 
and 15 seconds on each upper and lower background for major elements (Si, Na, Al, K, 
F, P) and 60 seconds on peak positions and 30 seconds on backgrounds for trace elements 
(elements present from minerals in respective experiments, e.g. Mn and Ta in tantalite 
solubility experiments).  Mineral calibration standards used for analyses were the same as 
for starting minerals plus elements present in the glass: rhyolite glass for Si and K 
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(Smithsonian USNM 72854 VG-568 - Yellowstone National Park, WY); apatite for P 
(Wilberforce, Ontario, Canada); and Patino glass 3 for Al (Patino-Douce et al. 1994). 
Errors on analyses for minerals are reported in Table 3-1 and errors on glass analyses are 
reported in Table 3-6. SEM images were taken using the SEM on the microprobe.  
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Table 3-6: EPMA results of ASI 1.0 solubility experiments. 
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3.3.3 Raman spectroscopy 
Raman spectroscopy was used to determine the mineral phase of the manganese 
phosphate mineral that crystallized in experiment TAN-700 as determined by scanning 
electron microscopy – energy-dispersive spectroscopy (SEM-EDS). Initial EPMA 
analyses of the phosphate minerals showed that at least one element or compound was 
missing from the analysis totals, which was believed to be either lithium or water. Raman 
spectra are able resolve the difference in mineral composition between manganese 
phosphates containing water and those containing lithium, which is impossible with 
EPMA analyses, as the electron microprobe cannot detect either of these phases. Raman 
analyses were completed at Surface Science Western in London, Ontario, Canada on a 
Renishaw inVia Reflex Raman Spectrometer using a 514 nm laser, 1800 I/mm grating, 8 
milliwatts power and 50x microscope objective. Spectra of tantalite-(Mn) and glass were 
collected to determine the influence of these phases on the unknown phosphate mineral 
spectra. Phase ID was determined by comparison to reference spectra in the RRuff 
database (http://rruff.info/). Phosphate mineral and glass spectra were collected at 100% 
power for 10 seconds, and tantalite-(Mn) spectra were collected at 50% power for 1 
second due to the intense signal produced by tantalite-(Mn) crystals. 
3.3.4 Secondary ion mass spectrometry 
Secondary ion mass spectrometry (SIMS) analyses were completed at the 
Manitoba Institute for Materials (MIM), University of Manitoba, on a Cameca IMS 7f 
secondary ion mass spectrometer. The crystallization of lithiophilite in experiment TAN-
700 affected the lithium concentration so that the assumption that the lithium 
concentration is nearly identical to that of the starting glass is no longer valid. Knowing 
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the concentration of lithium in this experiment is necessary for the calculation of ASILi. 
Boron analysis was also completed, as it did not add significant time to individual 
analyses and boron contents could not be analyzed by EPMA. Lithium and boron 
concentrations were calculated by determining their abundance relative to silicon, which 
is known from EPMA analysis of the sample. Prior to SIMS analyses, the sample and 
standards were cleaned by submersing the samples in an ultrasonic cleaner for four 
separate cleaning stages. The duration of each stage was ten minutes. The liquid the 
sample was submersed in for each stage was: dilute soap solution, tap water, distilled 
water, and ethanol. After this process sample and standards were gold coated to ensure a 
conductive surface. A +2 nA primary beam of O- ions was accelerated at -12.5 kV and 
focused to a ~15 µm spot. To help shape the beam, a 750 µm aperture was used in the 
primary column. The sample was held at +10 kV with a 0 V sample offset, and a mass 
resolving power of 1000 was determined from Burdo & Morrison (1971) and used to 
resolve isobaric interferences. The detector is a ETP 133H electron multiplier and 
analysis of 6Li+, 10B+, 30Si+ was conducted over 30 cycles with 1 second of detection for 
each isotope per cycle. A 20 second pre-sputter was used to remove the gold coating and 
allow the secondary ion signal to stabilize on the chosen spot before analysis. Accurate 
analysis depends on having standard calibration in similar material to the sample being 
analyzed.  Due to an unnatural 7Li/6Li ratio of approximately 40 in the starting LiPO4 
reagent (Qi et al. 1997), a one standard calibration of PEGA starting material was used, 
as other glass standards have a natural ratio of approximately 12 (Choi et al. 2013) and 
are not suitable to use for calibration. Boron standards used for calibration were NIST 
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SRM 610 (Pearce et al. 1997) and PEGA from this study. Appendix G contains the boron 
standard calibration curve and SIMS data for lithium and boron in TAN-700.  
3.4 Results 
3.4.1 Calculating solubility products 
Solubility products for columbite-(Mn) and tantalite-(Mn) have been described in 
many previous studies such as Keppler (1993), Linnen & Keppler (1997), Chevychelov et 
al. (2010), Bartels et al. (2010) and Aseri et al. (2015). A brief derivation is provided 
below. Solubility products are related to the mass action law, equilibrium constant, and 
Gibbs free energy. First, a general chemical reaction can be defined as: 
Equation 3.1: aA = bB + cC, 
where a, b, and c, are moles of elements or compounds A, B, and C. The sum of the 
chemical potentials (µ) multiplied by the number of moles for each component is defined 
as the total Gibbs free energy. The Gibbs free energy of the reaction, ΔG is defined where 
the reactant of the reaction is subtracted from the products and the equation would be 
defined as: 
Equation 3.2: ∆G = 𝑏 × μB + 𝑐 × μC − 𝑎 × μA, or at equilibrium when ΔG = 0 
Equation 3.3: 𝑎 × μA = 𝑏 × μB + 𝑐 × μC, or based on ΔG = -RTlnK 
Equation 3.4: 𝑎 × μA + 𝑎RTln𝛼A = 𝑏 × μB + 𝑏RTln𝛼B + 𝑐 × μC + 𝑐RTln𝛼C 
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where α represents the activity of the individual constituents A, B, and C, R is the ideal 
gas constant 8.314 J/K×mol and T is the temperature of the reaction in Kelvin. 
Rearranging Equation 3.4 gives 
Equation 3.5: ∆G = −RTln (
αB
𝑏 × αC
𝑐
αA
𝑎 ),  
 where the equilibrium constant, K, of this reaction would be defined as: 
Equation 3.6: K =  
αB
𝑏 × αC
𝑐
αA
𝑎  
where α represents the activity of the individual constituents, A, B, and C, to the 
exponent of the amount in moles of the constituent a, b, and c. For the example reaction 
MnTa2O6
mineral  MnOmelt + Ta2O5melt, the equilibrium constant is defined as: 
Equation 3.7: K =  
αMnO
1 × αTa2O5
1
αMnTa2O6
1 . 
The standard state is defined as the pressure, temperature and melt composition of the 
experiment, and since MnTa2O6
mineral is a pure solid at these conditions, its activity is 
unity. Therefore, the solubility product can be defined as:  
Equation 3.8: Ksp =  𝛼𝑀𝑛𝑂
𝑚𝑒𝑙𝑡 × 𝛼𝑇𝑎2𝑂5
𝑚𝑒𝑙𝑡  
which can be further defined as: 
Equation 3.9:  Ksp =  γMnOXMnO × γTa2O5XTa2O5 
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where γ represents the activity coefficient of the individual constituents, and X represents 
the molar concentration of either MnO or Ta2O5 in the melt. This can be rearranged as: 
Equation 3.10: Ksp = (XMnO × XTa2O5) × (γTa2O5 × γMnO) 
grouping the activity coefficients together. Henry’s law defines that if a trace component 
does not significantly affect the average environment due to low concentration, the 
activity coefficient remains constant (Wood & Fraser 1977). Linnen & Keppler (1997) 
showed that in haplogranitic melts, solubility products follow Henry’s law and that 
activity coefficients are constant over a small compositional range. Therefore, the activity 
coefficients although unknown are constant and relative solubility can be reported as: 
Equation 3.11: Ksp
rel = XMnO × XTa2O5 
and Ksp ∝ Ksprel. All future solubility products reported in this study are relative 
solubilities since the activity coefficients are unknown (i.e. Ksp
rel is the reaction constant 
if activity coefficients are 1). Solubility products are typically used to describe 
dissolution of solid phases in liquids, which typically involve reporting abundances as 
molar (M) concentrations, or the amount of solute per unit volume. However, the 
utilization of solubility products is extremely useful in describing the dissolution of 
minerals into melts, and since the molar volume of the melt may not be known, units of 
mol/kg are more commonly used.  
Solubility products for niobium and tantalum minerals in haplogranitic melts can 
be determined based on their dissolution reactions. These reactions for pure end member 
columbite-(Mn), tantalite-(Mn), wodginite, titanowodginite, and the charged-balanced 
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end member microlite [NaCaTa2O6(O,OH,F)] and pyrochlore [NaCaNb2O6(O,OH,F)] 
that represent the boundary between natro- and calciomicrolite and pyrochlore (Atencio 
et al. 2010) can respectively be written as: 
Equation 3.12 columbite − (Mn): MnNb2O6
mineral = MnOmelt + Nb2O5
melt 
 Equation 3.13 tantalite − (Mn): MnTa2O6
mineral = MnOmelt + Ta2O5
melt 
Equation 3.14 titanowodginite:  MnTiTa2O8
mineral = MnOmelt + TiO2
melt + Ta2O5
melt 
 Equation 3.15 wodginite:  MnSnTa2O8
mineral = MnOmelt + SnO2
melt + Ta2O5
melt 
Equation 3.16 microlite: NaCaTa2O6(O, OH, F)
mineral
= NaO0.5
melt + CaOmelt + Ta2O5
melt + 
1
2
(OH, F)melt 
Equation 3.17 pyrochlore: NaCaNb2O6(O, OH, F)
mineral
= NaO0.5
melt + CaOmelt + Nb2O5
melt +  
1
2
(OH, F)melt 
These reactions can then be expressed in terms of solubility products: 
Equation 3.18 columbite − (Mn): Ksp
MnNb (
mol2
kg2
) = XMnO (
mol
kg
) × XNb2O5 (
mol
kg
) 
 Equation 3.19 tantalite − (Mn): Ksp
MnTa (
mol2
kg2
) = XMnO (
mol
kg
) × XTa2O5 (
mol
kg
) 
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Equation 3.20 titanowodginite: Ksp
MnTiTa (
mol3
kg3
)
= XMnO (
mol
kg
) × XTiO2 (
mol
kg
) × XTa2O5 (
mol
kg
) 
Equation 3.21 wodginite: Ksp
MnSnTa (
mol3
kg3
)
= XMnO (
mol
kg
) × XSnO2 (
mol
kg
) × XTa2O5 (
mol
kg
) 
Equation 3.22 microlite: Ksp
NaCaTa (
mol3
kg3
)
= XNaO0.5 (
mol
kg
) × XCaO (
mol
kg
) × XTa2O5 (
mol
kg
) 
Equation 3.23 pyrochlore: Ksp
NaCaNb (
mol3
kg3
)
= XNaO0.5 (
mol
kg
) × XCaO (
mol
kg
) × XNb2O5 (
mol
kg
) 
Where X represents the molar concentration of the respective mineral or compound in the 
melt. Activities for pure solid phases are unity and are not included in the above 
equations. For microlite and pyrochlore, the additional (OH,F) term would likely not 
affect the solubility of the mineral because the water and fluorine contents of the 
experiments do not vary, and it can be treated as a constant. Therefore, the solubility 
products are valid for melts that are similarly hydrous and contain fluorine. Also, water 
and fluorine concentrations in melts have been shown to not affect the solubility of 
tantalite-(Mn) and columbite-(Mn) in previous studies (Linnen 2005; Bartels et al. 2010; 
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Fiege et al. 2011; Aseri et al. 2015). Therefore, this term has not been included in the 
solubility equations above.  
Where natural, non-end member composition minerals are used, the activity of the 
crystalline phase is no longer unity. Assuming ideal mixing, the activity of the end 
member component in the solid solution can be approximated as the product of the mole 
fractions (X) of the end member cations raised to the power of the number of 
crystallographic sites over which they mix (Wood & Fraser 1977). These mole fractions 
have been determined based on starting mineral stoichiometries and are given below. 
Natural wodginite - XMn = 0.65, XSn = 0.60, XTa = 0.88 
Natural microlite - XCa = 1, XNa = 0.46, XTa = 0.90 
Natural pyrochlore - XCa = 1, XNa = 0.92, XNb = 1 
These mole fractions are incorporated into the activity of the end member component as 
shown in Equations 3.24 – 3.26, with the squared terms representing mixing over two 
crystallographic sites (e.g. two Ta sites in wodginite [MnSnTa2O8]). Therefore, the use of 
natural microlite and pyrochlore that lie along the Ca-Na solid solution allow for the 
estimation of the end member [NaCaTa2O6(O,OH,F)] or [NaCaNb2O6(O,OH,F)] 
solubility product. Microlite and pyrochlore solubilities referred to throughout this and 
subsequent chapters refers to the solubility of the end members as described above.  
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Equation 3.24 wodginite: Ksp
MnSnTa (
mol3
kg3
)
=
XMnO (
mol
kg
) × XSnO2 (
mol
kg
) × XTa2O5 (
mol
kg
)
0.65 × 0.60 × 0.882
 
Equation 3.25 microlite: Ksp
NaCaTa (
mol3
kg3
)
=
X
1
2 Na2O
(
mol
kg
) × XCaO (
mol
kg
) × XTa2O5 (
mol
kg
)
0.46 × 0.902
 
Equation 3.26 pyrochlore: Ksp
NaCaNb (
mol3
kg3
)
=
X
1
2 Na2O
(
mol
kg
) × XCaO (
mol
kg
) × XNb2O5 (
mol
kg
)
0.92
 
Solubility can also be reported as the partition coefficient (D) between the mineral 
and the melt as described by Watson & Harrison (1983) (Equation 3.27). This method 
allows direct comparison between the different mineral phases in question - how much 
tantalum or niobium dissolved into the melt relative to how much was present in the 
starting mineral. Calculated solubility products as Ksp and D
mineral/melt and their associated 
errors are reported in Table 3-6.  
Equation 3.27: DNb or Ta
mineral/melt
=
[Nb2O5] or [Ta2O5]
mineral
[Nb2O5] or [Ta2O5]melt
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3.4.2 Run products 
The glass compositions for all experiments are reported as an average of 20 
EPMA analyses per experiment. Appendix H contains all EPMA glass analyses for 
experiments.  Errors reported are 1σ standard deviation of the 20 spots. In some of the 
800 °C and 850 °C experiments, crystals were concentrated at the bottom of the glass 
chip due to settling during the experiment. To ensure diffusion of elements and 
homogeneity throughout the glass, spots analyzed were chosen to represent both areas 
close to mineral grains and large crystal free zones. Appendix I contains back scattered 
electron (BSE) images of glass analysis spots for all samples. Minerals in one experiment 
run product from each mineral series (e.g. wodginite or columbite) were analyzed and 
stoichiometries were identical within error to original starting mineral data. TAN-700 
contains a manganese phosphate mineral identified by Raman spectroscopy as 
lithiophilite [LiMnPO4]. Appendix J contains Raman spectra used for identification and 
reference spectra for comparison, and Appendix G contains SIMS data for lithium and 
boron concentrations in this sample. The Mn/Ta or Mn/Nb ratios for titanowodginite 
[MnTiTa2O8] and columbite-(Mn) [MnNb2O6] experiments are all approximately 0.5, and 
wodginite [Mn(Sn,Ta)Ta2O8] experiment values are approximately 0.32. These represent 
stoichiometric values for mineral dissolution. The Mn/Ta ratios for tantalite [MnTa2O6] 
experiments without lithiophilite crystallization are between 0.56 and 0.63 ± 0.03 to 0.05 
depending on the experiment and do not represent stoichiometric values. However, they 
are comparable to values reported by Fiege et al. (2011) and Aseri et al. (2015). 
Experiments in this study have been determined to represent equilibrium values because 
the concentrations of manganese and tantalum in the glass are nearly identical between 
83 
 
forward (dissolution) and reverse (crystallization) experiments. In the titanowodginite 
and columbite-(Mn) experiments, mineral phases present are that of the investigated 
mineral (for example, titanowodginite) and glass. In the microlite and pyrochlore 
experiments, apatite is present in all experiments due to calcium from dissolution of 
microlite or pyrochlore having reacted with phosphorus in the melt to form apatite. All 
the wodginite and tantalite experiments contain microlite, but in much greater quantities 
in the tantalite experiments as compared to the wodginite experiments. The 700 °C 
tantalite dissolution experiment contains lithiophilite, and some wodginite experiments 
contain a tin-rich wodginite (labelled Sn-wod) or tantalite (labelled tan).  
 The Mn/Ta ratio, along with reversal experiments, are used to determine if the 
experiment products are at equilibrium at the time of quench, with a stoichiometric value 
representing equilibrium. This would infer that the non-stoichiometric values of 0.6 for 
tantalite experiments show that the experiments are not in equilibrium. However, the non-
stoichiometric values represent the crystallization of another tantalum mineral phase, in 
this case microlite, changing the tantalum value of the melt and increasing the Mn/Ta 
ratio (Figure 3-1). The mineral phase was identified as sodium end member microlite by 
EPMA analysis of six grains large enough for analysis in experiment TAN-750C and the 
chemical formula determined is (Na1.83Ca0.03Mn0.03)(Ta2.11)O6.21(F0.06)(OH0.94). This high 
proportion of sodium to calcium is not observed in nature (Atencio et al. 2010). As Aseri 
et al. (2015) had a similar glass composition to this study, and due to the almost identical 
values reported for Mn/Ta between the two studies, four of the samples from Aseri et al. 
(2015) were analyzed to determine if microlite was present. All samples re-imaged by 
SEM-EDS contain a mineral assumed to be microlite on the basis of microlite 
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identification in experiments from this study, and similar SEM-EDS spectra (Figure 3-2), 
thus explaining the non-stoichiometric Mn/Ta ratios for these studies. The microlite is 
extremely difficult to distinguish from tantalite-(Mn) using BSE images as they are small 
(typically 1 µm) and appear as the same colour unless the contrast is adjusted to reflect 
the slight compositional differences. The easiest way to tell the difference is that 
microlite is typically present as cubes and tantalite is elongate and generally rectangular 
with the ends truncated. The microlite in the samples from Aseri et al. (2015) also 
contains more than 1000 ppm calcium (detectable by EDS spectra), despite calcium only 
Figure 3-1: TAN-750C (tantalite-(Mn) crystallization experiment at 750 °C) from 
this study containing glass (dark gray), tantalite-(Mn) labelled tan (white elongate 
minerals) and microlite labelled mic (slightly darker white/gray cubes). 
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being present in the glass from impurities in the starting materials (500 ppm CaO in 
starting glass, Aseri, personal communication 2017). Therefore, the microlite 
concentrates the calcium from the melt in its structure, even from trace amounts in the 
starting glass.       
 Reverse (crystallization) experiments were performed for all minerals 
investigated, by running the experiment for 5 days at 850 °C and then cooling the 
experiment to 750 °C or 700 °C over the course of an hour and leaving it for another 5 
days before quenching the experiment. If the Ksp values for dissolution and crystallization 
Figure 3-2: Ta-4 from Aseri et al. (2015); Experiment containing glass (dark gray), 
tantalite-(Mn) labelled tan (white elongate minerals) and microlite labelled mic 
(slightly darker gray cubes). 
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experiments are identical, then the experiment is interpreted to have reached equilibrium. 
Fiege et al. (2011) demonstrated that in flux-rich melts, equilibrium is attained in 4 days. 
Therefore, a duration of 5 days should be sufficient for all experiments to reach 
equilibrium. The solubilities reported for forward and reverse experiments are nearly 
identical for columbite-(Mn), tantalite-(Mn), and titanowodginite. The concentration of 
calcium was below the detection limits of the electron microprobe for the microlite 
crystallization experiment, and thus a solubility product could not be calculated. In the 
pyrochlore experiments, the Ksp value for the reversal experiment is lower than for the 
dissolution experiment. This is assumed to be due to the crystallization of apatite 
[Ca5(PO4)3(OH,F)] in the experiment. At 850 °C, potentially a larger amount of calcium 
would dissolve from the microlite and pyrochlore crystals and react with the melt to form 
apatite. Upon cooling to 700 °C, microlite and pyrochlore should crystallize out of the 
melt to achieve equilibrium. Due to the removal of calcium from the melt by apatite 
crystallization, microlite and pyrochlore were unable to recrystallize at the same Ca/Na 
ratio and achieve equilibrium as is demonstrated by the crystallization experiments. 
Whether more apatite crystallizes out of the melt upon cooling would depend on its 
solubility product and temperature dependence in flux-rich melts. Future experiments 
could be completed to better understand microlite/pyrochlore-apatite crystallization and 
their crystallization processes in pegmatite melts. Unlike the microlite crystallization 
experiment, the pyrochlore experiment formed new pyrochlore crystals on the edges of 
initial crystals. However, the new pyrochlore that crystallized after cooling contained less 
calcium than original pyrochlore added to the experiment, shown as calcium-poor rims 
on the WDS maps in Figure 3-3.  Another potential explanation is that the 
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microlite/pyrochlore experiments only achieved partial equilibrium because the natural 
compositions used lies along the calcium-sodium solid solution and are not an end 
member composition. The dissolution of the crystal would not only need to attain 
equilibrium with respect to the melt, but also with respect to the solid solution of the 
natural crystal. Solid solution equilibrium likely takes much longer to attain. While the 
values reported for microlite and pyrochlore may not represent equilibrium values, due to 
the different values for forward and reverse experiments, they are the best estimates of 
solubility currently available. Also, as the microlite and pyrochlore chosen for 
experiments are natural minerals, they represent compositions typically found in nature 
and therefore the solubility is relatable to natural melts. The comparison of calcium 
content by WDS mapping over the four experiments (microlite dissolution and 
crystallization, and pyrochlore dissolution and crystallization) are shown in Figure 3-3.  
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Figure 3-3: WDS element maps of calcium in microlite (mic) and pyrochlore (pcl) 
in: (A) microlite crystallization experiment NMIC-700C, scale bar is 10 µm; (B) 
microlite dissolution experiment NMIC-700, scale bar is 5 µm; (C) pyrochlore 
crystallization experiment NPYR-700C, scale bar is 10 µm; (D) pyrochlore 
dissolution experiment NPYR-700, scale bar is 20 µm. White areas are apatite (ap) 
crystals. Microlite experiments show no new crystal growth around the edges of the 
minerals, while pyrochlore crystallization experiment NPYR-700C does show new 
growth containing less calcium, as the calcium was removed from the melt by 
apatite crystallization. 
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 Repeat experiments were also performed for all minerals at 800 °C to ensure that 
solubility products demonstrate reproducibility and to constrain errors. Ksp values are 
nearly identical within error for all repeat experiments.  
 Tin is known to alloy with noble metal capsule materials such as gold and 
platinum (Linnen et al. 1995). The Sn/Ta and Mn/Sn ratios for wodginite experiments 
based on starting mineral stoichiometry should be approximately 0.3 and 1.1 respectively 
if there is no tin loss to gold or other mineral species. This matches the values reported 
for the 700 °C wodginite experiment, and values are increasingly further from ideal 
values with increasing temperature of the experiment, with complete tin loss from the 
melt to the gold capsule at 850 °C. Due to complete tin loss at 850 °C, data from 
experiments NWOD-850FG and reversal experiment NWOD-700FG-C (crystallization 
experiment) are unusable. Gold capsules from experiments were analyzed by electron 
microprobe at the Earth and Planetary Materials Analysis Laboratory at Western 
University and tin contents were below detection limits of the machine. This is expected 
as there is only approximately 0.33 mg of tin in each experiment, in relation to 
approximately 300 mg of gold capsule material. If all the tin in the experiment was 
homogeneously distributed in gold-tin alloy, there would be approximately 11 ppm tin in 
the alloy. As the majority of the tin is still present as wodginite in the experiments, the 
amount of tin in the alloy would be appreciably smaller (see Appendix I for images of 
wodginite experiments, with the majority of wodginite grains still present in the melt). 
Wodginite grains were periodically analyzed in the experiment run products to ensure 
congruent dissolution of mineral grains to melt, and stoichiometries determined are 
identical within error to the starting minerals.    
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3.4.3 Solubility and temperature 
Previous studies typically report solubility products as logKsp for thermodynamic 
relevance on plots of logKsp versus 1000/T (K). The integrated Van’t Hoff equation can 
then be used to determine the change in enthalpy of the reaction. The solubilities of 
columbite-(Mn), tantalite, wodginite, titanowodginite, microlite and pyrochlore have 
been calculated using Equations 3.18 - 3.20 and 3.24 - 3.26 and plots of logKsp vs 1000/T 
(K) (Figures 3-4 and 3-5) and logD vs 1000/T (K) (Figures 3-6 and 3-7), are given for 
tantalum and niobium minerals respectively. Plots of logD vs 1000/T (K) are represented 
using the same format as logKsp plots for comparison. The solubilities of these minerals 
are highly temperature dependent, with solubility decreasing with decreasing 
temperature. The data presented here are most comparable to Aseri et al. (2015) as the 
glass composition used by Aseri et al. (2015) is very similar to the one used in this study, 
with slight variation in ASI (Aseri et al. 2015 = 1.06, this study = 1.00). Ksp and slopes of 
the logKsp vs 1000/T plots are similar between these studies, with Aseri et al. (2015) 
having slightly steeper slopes as is predicted with the higher ASI values. The logKsp of 
columbite-(Mn) for Aseri et al. (2015) and this study at 800 °C and 200 MPa are -2.72 
and -2.51 mol2/kg2 respectively, and -2.34 and -2.21 mol2/kg2 respectively for tantalite-
(Mn). Solubility has been shown to decrease with decreasing alkalinity of the melt 
(Linnen & Keppler 1997). Figure 3-8 compares the data for tantalum minerals from this 
study to that of Linnen & Keppler (1997) and Aseri et al. (2015), and Figure 3-9 
compares the data for columbite minerals to that of Linnen & Keppler (1997), Fiege et al. 
(2011), and Aseri et al. (2015). The comparison of this study to those where the melts are 
Li-free is difficult because lithium is an alkali element and changes the effective ASI of 
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the melt as per ASILi = Al/(Na+K+Li). The presence of lithium shifts the composition 
towards a peralkaline (ASI = 1.0 is equivalent to ASILi = 0.81) composition, which 
increases the solubility of columbite-(Mn) and tantalite-(Mn) in the melt (Linnen & 
Keppler 1997). Therefore, the differences in solubilities between these studies is 
interpreted to be due to the addition of lithium to the melt.   
 The integrated Van’t Hoff equation (e.g. Stepanov 2005) relates the change in the 
solubility product to the change in temperature (slope of the logKsp vs 1000/T plots) via 
the enthalpy of dissolution. The Van’t Hoff equation is derived from Gibbs free energy,  
𝐸quation 3.28: ∆G = ∆H − T∆S, and knowing that ΔG = -RTlnKsp we can write 
𝐸quation 3.29: lnKsp = −
∆H
RT
+ 
∆S
R
 , 
better known as the Van’t Hoff equation, where Ksp is the solubility product, T is the 
temperature in Kelvin, R is the ideal gas constant, 8.314 J/K×mol, ΔH is change in 
enthalpy and ΔS is change in entropy. The Van’t Hoff plot, or plots of lnKsp vs 1/T utilize 
equation 3.29 where −
∆H
RT
 is the slope of the line, and 
∆S
R
 is the y-intercept. Based on 
equation 3.29, the enthalpy of the reaction can be expressed from the slope as: 
𝐸quation 3.30: −∆Hdiss =
dlnKsp
d (
1
T)
× R, 
where dlnKsp/d(1/T) is the slope of the logKsp vs 1000/T plots converted from log to ln 
using the equation lnX = 2.303×logX. Using this equation and linear regressions fitted 
using Microsoft Excel for plots of logKsp vs 1000/T, the enthalpy of dissolution of 
92 
 
columbite-(Mn), tantalite, microlite, pyrochlore, wodginite and titanowodginite can be 
calculated, and the results of this calculation are given in Table 3-7. Literature values for 
the enthalpy of dissolution of columbite-(Mn) and tantalite-(Mn) vary due to differences 
in melt compositions between studies. Examples for columbite-(Mn) and tantalite-(Mn) 
are: 158 ± 26 and 135 ± 24 kJ/mol (Linnen & Keppler 1997); 170 ± 8 and 100 ± 11 
kJ/mol (Linnen 1998); 117.1 ± 1.4 and 79.5 ± 0.7 kJ/mol, (Aseri et al. 2015) respectively; 
and 79 kJ/mol for tantalite-(Mn) (Van Lichtervelde et al. 2010).  
Figure 3-4: logKsp versus T for tantalum minerals in ASI 1.0 glass (ASILi=0.81). 
Error bars are ± 1σ and in some instances, are smaller than the data point. 
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Figure 3-5: logKsp versus T for niobium minerals in ASI 1.0 glass (ASILi=0.81). 
Error bars are ± 1σ and in some instances, are smaller than the data point. 
 
 
Figure 3-6: logD versus T for tantalum minerals in ASI 1.0 glass (ASILi=0.81). Error 
bars are ± 1σ and in some instances, are smaller than the data point. 
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Figure 3-7: logD versus T for niobium minerals in ASI 1.0 glass (ASILi=0.81). Error 
bars are ± 1σ and in some instances, are smaller than the data point. 
 
Figure 3-8: logKsp versus T for tantalum minerals in ASI 1.0 glass (ASILi=0.81) 
compared to Linnen & Keppler (1997), and Aseri et al. (2015). The glass 
compositions of Linnen & Keppler (1997) does not contain lithium. Error bars are ± 
1σ and in some instances, are smaller than the data point. 
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Figure 3-9: logKsp versus T for niobium minerals in ASI 1.0 glass (ASILi=0.81) 
compared to Linnen & Keppler (1997), Fiege et al. (2011) and Aseri et al. (2015). 
Glass compositions of Linnen & Keppler (1997) and Fiege et al. (2011) do not 
contain lithium. Error bars are ± 1σ and in some instances, are smaller than the 
data point. 
Table 3-7: Dissolution enthalpies of respective mineral phases. 
 
Mineral
Slope 
(dlogKsp/d1000/T)
ΔHdiss (kJ/mol)
Tantalite-(Mn) -3.14 (±0.38) 60.2 (±7.2)
Microlite -5.73 (±0.30) 109.7 (±5.7)
Wodginite -2.12 (±0.05) 40.6 (±1.0)
Titanowodginite -4.79 (±0.45) 91.8 (±8.6)
Columbite-(Mn) -4.49 (±0.18) 86.0 (±3.4)
Pyrochlore -5.63 (±1.06) 107.8 (±20.3)
96 
 
3.5 Discussion 
3.5.1 Presence of lithiophilite 
Lithiophilite [LiMnPO4] was identified in one tantalite-(Mn) dissolution 
experiment conducted at 700 °C (TAN-700). Lithiophilite contains approximately 12% 
Li2O. Lithium is an alkali element and decreases the ASI of the melt, which therefore 
increases the solubility of tantalite-(Mn) (Linnen 1998). The removal of lithium from the 
melt by lithiophilite crystallization could decrease the solubility of tantalite-(Mn) for this 
experiment. The lithium concentration (Li2O) for this experiment was determined using 
SIMS and is 1.04 ± 0.02 wt%, identical within error to the PEGA starting glass value of 
1.05 ± 0.01 wt% where errors are 1σ standard deviation. The data point from this 
experiment on Figure 3-4 lies slightly below the linear regression but is not considered an 
outlier. Figure 3-10 shows linear regressions for the data set with and without the TAN-
700 data point; the R2 value displays a better fit when including the TAN-700 data point. 
The slope of the line when removing the data point is slightly more positive. Based on the 
R2 parameter, and the determined Li2O value by SIMS, the effect of lithiophilite 
crystallization was minimal with respect to tantalite-(Mn) solubility.   
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Figure 3-10: Tantalite-(Mn) solubility experiments with and without TAN-700 data 
point. Equations of linear regressions and R2 values are provided. Error bars are ± 
1σ and in some instances, are smaller than the data point. 
3.5.2 Presence of microlite in tantalite-(Mn) and wodginite 
experiments 
Microlite [(Na,Ca)2Ta2O6(O,OH,F)] was observed in all tantalite-(Mn) 
experiments and most of the wodginite experiments, despite not being added to the melt 
as part of the experiment (crystallized from the melt as an extra phase during the 
experiments). This microlite was determined to be a composition rich in sodium that is 
not found in nature. This is expected as the solubility product of end member microlite 
from this study was determined to be lower than that for tantalite-(Mn), indicating that 
microlite should crystallize from melts at tantalite-(Mn) saturation where excess alkalis 
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are present. Van Lichtervelde et al. (2010) reported the presence of simpsonite 
[Al4Ta3O13(OH,F)] in some experiments, leading to the idea that tantalum has an affinity 
for aluminum. This may be the case in melts with excess aluminum in contrast to excess 
alkalis (peraluminous instead of peralkaline or subaluminous melts), but in the case of 
melts with excess alkalis, microlite crystallizes out of the melt during the experiment. 
The microlite present in the glasses from Aseri et al. (2015) contain detectable amounts 
of calcium, despite calcium only being present in the glass in extremely small quantities 
as impurities from the starting materials. This confirms that calcium is extremely 
important to microlite crystallization as shown by the predominance of Ca-rich 
compositions in nature (Atencio et al. 2010) and will concentrate in its crystal structure 
even from extremely small amounts present in the melt. McNeil (2018, Chapter 4) tests 
this idea by describing experiments in peraluminous systems and determining whether 
microlite is present after quench.  
3.5.3 Solubility reported as a solubility product 
When comparing the solubilities of tantalum phase minerals as solubility 
products, tantalite-(Mn) is the highest (logKsp for tantalite -2.32 mol
2/kg2 at 750 °C), and 
the values for wodginite, titanowodginite and microlite are almost identical within error 
(logKsp for wodginite is -3.77 mol
3/kg3 at 750 °C, titanowodginite -3.73 mol3/kg3, 
microlite -3.78 mol3/kg3).  The similar values for wodginite and titanowodginite are 
expected because the only difference between these phases are the elements titanium and 
tin, with the crystal structures remaining constant. However, the similarity in solubility 
between microlite and wodginite group minerals was unexpected and is fortuitous, as 
their solubilities are not identical in melts of more peraluminous compositions (McNeil 
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2018, Chapter 4). The difference between tantalite-(Mn) and wodginite group minerals 
may be explained due to mineral compositional differences. Tantalite-(Mn) [MnTa2O6] 
contains manganese, an transition metal, whereas wodginite [Mn(Sn,Ta)Ta2O8] and 
titanowodginite [MnTiTa2O8] contain Sn
4+ or Ti4+, which are high field strength 
elements, similar to Ta5+. Linnen & Keppler (1997) showed that increasing alkali content 
increases the solubility of tantalite in the melt and interpreted this to be due to the 
presence of non-bridging oxygens (NBOs). NBOs are oxygens that are not shared 
between tetrahedra and stabilize HFSEs like Ta5+ in the melt structure. Manganese could 
increase the solubility of the mineral in the melt by adding NBOs (Linnen & Keppler 
1997). Another explanation is that since tin and titanium are HFSEs they may form 
sodium-potassium clusters known as moieties (e.g. Farges et al. 2006) and increase the 
effective ASI of the melt by removing these clusters from the melt structure, 
consequently decreasing the solubility of the mineral in question. For the niobium 
minerals pyrochlore and columbite-(Mn), the solubility product of pyrochlore is almost 
identical to that of microlite (-3.71 mol3/kg3 and -3.78 mol3/kg3 respectively at 750 °C) 
and columbite-(Mn) has a slightly lower solubility product from that of tantalite (-2.68 
mol2/kg2 and -2.32 mol2/kg2 respectively at 750 °C). The variation with temperature for 
all minerals is as predicted from previous experimental studies, where solubility increases 
with temperature and the relationship is linear. The solubilities of columbite-(Mn) and 
tantalite-(Mn) in this study are slightly higher than Aseri et al. (2015) despite similar melt 
composition, and this is attributed to the increased boron concentration in this study (~1% 
B2O3 Aseri et al. (2015) and ~2% B2O3, this study) as boron has been shown to slightly 
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increase solubility (Fiege et al. 2018) and the variation in ASI, as melt composition has 
been shown to be related to solubility (Linnen & Keppler 1997).   
 It is important to note that the solubility product for a given mineral is a constant 
where solubility follows Henry’s law, and the activity coefficient is constant over a small 
compositional range. The solubility product is also a function of the activity of the 
elements in question in the melt, but Linnen & Keppler (1997) have shown that the 
activity coefficients of manganese, tantalum and niobium follow Henry’s law and are 
constant over a restricted range (0-1 wt% Nb2O5, Ta2O5 or MnO). Therefore, even if the 
composition of the melt is not stoichiometric, the solubility product will remain constant 
as the activity coefficients remain unchanged. For example, in a tantalite-(Mn) 
experiment, if manganese was already present in the melt, tantalite-(Mn) would dissolve 
stoichiometrically but the final melt composition would be non-stoichiometric. However, 
the melt would reach equilibrium and the Ksp value would be identical to the value if no 
manganese had been present in the starting melt (Linnen & Keppler 1997). This also 
applies to microlite and pyrochlore experiments, where sodium is already present in the 
starting melt composition. Microlite and pyrochlore will dissolve stoichiometrically but 
the final melt composition will be non-stoichiometric, and the Ksp value should be 
identical to if there was no sodium in the melt to begin with. This is difficult to evaluate 
because solubility products in melts of other compositions with less or no sodium are 
unknown. The extent of the compositional range where activity coefficients are constant 
is also unknown, and it may be an invalid assumption that the activity coefficient of 
seven weight percent Na2O is the same as a melt with zero or four weight percent Na2O. 
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Further study is needed to determine the effect of melt composition on microlite and 
pyrochlore solubility.  
3.5.4 Solubility reported as a partition coefficient 
Solubility can be reported as a partition coefficient (D) instead of a solubility 
product (Watson & Harrison 1983), which allows for the solubilities of tantalum or 
niobium in various minerals to be directly related to one another. The partition coefficient 
is the ratio of the weight percent of Ta2O5 or Nb2O5 present in the specific mineral in 
question to the weight percent amount present in the melt at equilibrium (refer to 
equation 3.25). The higher the partition coefficient, the less soluble the mineral is. When 
plotted this way, tantalite-(Mn), wodginite and titanowodginite all have nearly identical 
solubilities, within error, and microlite is much less soluble. Pyrochlore is also shown to 
be less soluble than columbite-(Mn), but the difference is smaller than between microlite 
and tantalite-(Mn). The main issue with reporting solubilities as partition coefficients is 
that it does not consider that sodium is already present in the melt for microlite and 
pyrochlore experiments, which will decrease the amount of tantalum or niobium that will 
dissolve into the melt (Le Chatelier’s principle). When this smaller tantalum or niobium 
value is then related to the amount present in the mineral for the partition coefficient, the 
value appears much smaller than it would be if there was no sodium present in the 
starting melt. Therefore, the solubility of microlite and pyrochlore is likely similar to that 
of columbite-(Mn), tantalite-(Mn), wodginite and titanowodginite. This could be tested 
by performing microlite dissolution experiments with varying levels of sodium (at 
constant ASI) that are less than the concentration in this study and determining the 
partition coefficient. If the partition coefficient decreases as predicted towards the values 
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of tantalite-(Mn), columbite-(Mn), wodginite and titanowodginite, then these minerals all 
have roughly the same solubilities in haplogranitic melts. 
3.5.5 Implications of solubility data for niobium and tantalum 
mineralization 
It has been assumed that the solubility of niobium and tantalum in pegmatite 
melts controls the crystallization of ore minerals, and once a melt achieves saturation in 
niobium or tantalum, the phase with the lowest solubility will crystallize first (e.g. Van 
Lichtervelde et al. 2007). Only when tantalum or niobium is extremely oversaturated will 
multiple phases crystallize at once, based on available fluid mobile cations (Ca, Mn, Fe, 
Sn, Ti). This study has shown that tantalite-(Mn), columbite-(Mn), wodginite, 
titanowodginite and likely microlite and pyrochlore, all have very similar solubilities as 
partition coefficients (within error), thus it is likely that fluid mobile cations control the 
crystallization of mineral phases present in a deposit. The change in phase from one 
mineral to another (such as microlite to tantalite-(Mn)) may be due to cations such as 
manganese entering the system, either by a hydrothermal fluid or assimilation of a 
manganese-rich wall rock. Ercit (1986) shows that at the Tanco pegmatite, niobium, 
tungsten, iron, titanium and scandium decrease along a traverse towards the interior of 
the pegmatite based on mineral abundances and concludes that these elements must either 
come from reaction with the wall rock or differentiation of the magma body. Another 
possibility is the addition of a manganese-rich fluid to the system as the cause of 
formation around the outside of the pegmatite, and this idea of fluid-melt interaction 
causing the crystallization of columbite-(Mn) is evaluated in McNeil (2018, Chapter 5).   
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3.6 Conclusion 
Columbite-(Mn), tantalite-(Mn), microlite, pyrochlore, wodginite and 
titanowodginite are important ore minerals of niobium and tantalum and comprise the 
main sources of these strategic metals worldwide. The solubility of columbite-(Mn) and 
tantalite-(Mn) in haplogranitic melts has been well studied but the solubilities of 
microlite, pyrochlore, wodginite and titanowodginite were previously unknown. This 
study reports the solubility of these minerals in a flux-rich haplogranitic melt of ASI 1.0 
between 700 °C and 850 °C. When the solubilities are reported as solubility products, 
tantalite-(Mn) is most soluble, followed by columbite-(Mn), and pyrochlore, 
titanowodginite and wodginite, and microlite are least soluble with nearly identical 
solubility products, within error. This difference in solubility products is proposed to be 
due to the activity of alkali elements and transition metals (sodium and calcium in 
microlite/pyrochlore, manganese in columbite-tantalite) controlling solubility. The 
activity of sodium and calcium is assumed to be different than the activity of manganese, 
which would cause a difference in solubility products. Additionally, wodginite group 
minerals contain two elements that need to be stabilized by NBOs in the melt structure 
(Ta5+ and Sn4+ or Ti4+) whereas microlite, pyrochlore, tantalite-(Mn), and columbite-(Mn) 
only contain one (Ta5+ or Nb5+). These elements have been shown in previous studies to 
form sodium-potassium clusters known as moieties and increase the effective ASI of the 
melt by removing NBOs. This would potentially decrease the solubility of wodginite 
group minerals compared to columbite-(Mn), tantalite-(Mn), microlite or pyrochlore. The 
similar solubilities of microlite/pyrochlore with wodginite/titanowodginite are fortuitous 
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at this melt composition, and this property does not hold true in peraluminous melts 
(McNeil 2018, Chapter 4).  
 When the solubility of the aforementioned minerals is calculated using partition 
coefficients, the solubility of tantalite-(Mn), wodginite and titanowodginite are nearly 
identical, within error. Pyrochlore, columbite-(Mn) and microlite have lower solubilities, 
and in the case of microlite and pyrochlore, this is potentially due to the partition 
coefficient not considering the sodium present in the starting melt during the 
experiments, resulting in stoichiometric dissolution but non-stoichiometric final melt 
concentrations, leading to less tantalum or niobium dissolving into the melt, respectively. 
More experiments need to be completed to determine if the partition coefficients 
approach the values of tantalite-(Mn), columbite-(Mn), wodginite and titanowodginite 
with less sodium present in the starting melt at constant ASI, and to confirm that 
microlite and pyrochlore solubilities are Henrian over the sodium compositional range 
studied.  
 The solubility of these minerals is strongly dependent on temperature; with 
increasing temperature increasing the solubility of the melt along a linear trend. This 
trend is the same as reported for previous studies of columbite-(Mn) and tantalite-(Mn) 
(e.g. Linnen & Keppler 1997; Fiege et al. 2011; Aseri et al. 2015). McNeil (2018, 
Chapter 4) investigates the effect of melt composition on solubility of tantalum minerals.   
 Due to all studied ore minerals of niobium and tantalum having similar 
solubilities, it can be concluded that the presence of fluid mobile cations (Ca, Mn, Fe, Sn, 
Ti) control the crystallization of various phases in deposits worldwide. These cations can 
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come from the assimilation of wall rocks, fractionation and interaction of different 
magmas, or fluid/melt interactions. McNeil (2018, Chapter 5) investigates the 
crystallization of columbite-(Mn) from the interaction of a niobium-rich melt and a 
manganese-rich fluid. Understanding the properties of niobium and tantalum minerals, 
crystallization processes occurring and how they affect the crystallization of different 
mineral phases can increase our understanding of rare-metal pegmatites, leading to 
improved exploration processes and strategies.  
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Chapter 4  
4 Solubility of wodginite, titanowodginite, microlite, and 
tantalite-(Mn) in peraluminous flux-rich haplogranitic 
melts 
 
Alysha G. McNeil, Robert L. Linnen, and Roberta L. Flemming 
Department of Earth Sciences, Western University, 1151 Richmond Street North, 
London, ON N6A 5B7, Canada 
4.1 Introduction 
Tantalum is stable in many different mineral phases, and minerals with the 
highest economic significance are: tantalite group [(Mn,Fe)Ta2O6], wodginite group [e.g. 
Mn(Sn,Ta)Ta2O8], including titanowodginite [MnTiTa2O8], and microlite group [e.g. 
(Na,Ca)2Ta2O6(O,OH,F)] (Papp 2014). There have been numerous experimental studies 
completed on the manganese end member of tantalite and its solubility in pegmatite melts 
is fairly well understood. Two dominant controls on the solubility of tantalite-(Mn) are 
temperature and melt composition (Linnen & Keppler 1997; Van Lichtervelde et al. 
2010; Bartels et al. 2010; Chevychelov et al. 2010; Aseri et al. 2015). Melt composition 
is described in terms of the alumina saturation index (ASI) which is defined as the molar 
concentration of aluminum divided by the sum of the molar concentrations of alkali 
elements, such as sodium and potassium. Lithium and manganese can also be included in 
ASI calculations and are defined as ASILi = molar Al/(Na+K+Li) and ASIMn = molar 
Al/(Na+K+ 2×Mn). Linnen & Keppler (1997) completed one of the most comprehensive 
studies on the effect of melt composition and temperature in flux-free granitic melts. This 
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study, along with studies on the effect of fluxes on solubility, have shown that melt 
composition has a strong effect on tantalite-(Mn) solubility, with excess aluminum 
content (increasing ASI from peralkaline to peraluminous) decreasing solubility. These 
studies also showed that increasing temperature increases the solubility of tantalite-(Mn) 
in haplogranitic melts. Linnen (1998) investigated the effect of lithium on tantalite-(Mn) 
solubility and determined that lithium increases the solubility of tantalite-(Mn), as it is an 
alkali element and shifts the melt composition towards peralkaline compositions. Fiege et 
al. (2011) and Aseri et al. (2015) studied the effect of fluorine on columbite-(Mn) and 
tantalite-(Mn) solubility and found that there is no effect on solubility with increasing 
fluorine content in the melt. Tang et al. (2016) determined that phosphorus has a large 
negative effect on solubility in peralkaline melts, while having little to no effect on melts 
of subaluminous and peraluminous compositions. A similar study by Fiege et al. (2018) 
studied the effect of both phosphorus and phosphorus + boron in melts of various 
compositions and concluded the same results as Tang et al. (2016) for phosphorus and 
determined that phosphorus + boron causes a slight increase in solubility.  
However, there has been no experimental research on the effect of melt 
composition on the solubilities of wodginite, titanowodginite, or microlite in flux-rich 
haplogranitic melts, and their comparison to tantalite-(Mn). This is important as other 
tantalum mineral phases are common, particularly wodginite and microlite group 
minerals in natural deposits such as Tanco, Canada (Ercit 1986); or Greenbushes and 
Wodgina, Australia (Mackay & Simandl 2014). This study describes the solubility of 
wodginite, titanowodginite, and microlite, in comparison to tantalite-(Mn) in flux-rich 
melts of ASI 1.10 and 1.24 at temperatures of 700 °C and 800 °C and 200 MPa. This data 
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has also been compared to 700 °C and 800 °C experiments of ASI 1.0 reported in McNeil 
(2018, Chapter 3). Peraluminous compositions were chosen to test the hypothesis that 
microlite would not form in tantalite-(Mn) dissolution experiments when excess 
aluminum is present instead of excess alkalis (ASI ≤ 1.0). Only tantalum phase minerals 
were chosen as they are typically found associated with peraluminous melts (ASI > 1.0) 
in nature, whereas niobium minerals are commonly associated with peralkaline melts 
(ASI < 1.0).   
4.2 Experimental procedure 
4.2.1 Starting minerals 
The synthetic tantalite-(Mn) used for experiments is from synthesis experiment 
MnTa2O6 Syn2 and is characterized in McNeil et al. (2015) (also McNeil 2018, Chapter 
2). Synthetic titanowodginite (HWOD-Ti-800, McNeil 2018, Chapter 2) was produced 
using the method described in McNeil et al. (2015) and natural microlite (Ipe mine, 
Brazil), and wodginite (Linopolis District, Brazil) were used for respective experiments. 
These minerals were characterized in McNeil (2018, Chapter 3).  
4.2.2 Starting glass 
McNeil (2018, Chapter 3) described the procedure for designing and making the 
starting anhydrous haplogranitic glass (PEGA). To create glasses with a peraluminous 
composition from the PEGA starting glass, the necessary amount of aluminum hydroxide 
[Al(OH)3] was added to two batches of approximately 330 mg PEGA glass and 30 µL 
NanopureTM water (resistivity = 18.2 MΩ) to create hydrous glasses with ASI values of 
1.10 and 1.24. The Al(OH)3 breaks down to Al2O3 + H2O at approximately 350 °C (Chen 
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et al. 1989), at temperatures utilized in cold seal pressure vessels (CSPVs), so after glass 
synthesis only Al2O3 + H2O will be present in the glass. Batches were mixed for 30 
minutes to ensure homogeneity, sealed in gold capsules, and run for 5 days at 850 °C and 
200 MPa in CSPVs. Capsules were weighed after sealing and before opening to 
determine if weight loss occurred. The compositions of the final hydrous glasses are 
given in Table 4-1.  
Table 4-1: Peraluminous starting glass compositions used for experiments. 1σ error 
on starting glass ASI calculations are better than or equal to 0.02. 
 
Oxides PEGA-1.05-1 (wt%) PEGA-1.2-1 (wt%)
SiO2 59.45 (±0.28)
a 58.08 (±0.14)a
Al2O3 18.08 (±0.16)
a 20.13 (±0.14)a
K2O 4.09 (±0.05)
a 3.98 (±0.05)a
Na2O 7.34 (±0.19)
a 7.22 (±0.14)a
P2O5 1.54 (±0.06)
a 1.50 (±0.09)a
B2O3 2.36 (±0.06)
b 2.36 (±0.06)b
Li2O 1.05 (±0.04)
b 1.05 (±0.04)b
F 0.89 (±0.10)a 0.90 (±0.10)a
2F=O -0.37 -0.38
H2O 5.57
c 5.16c
Total 94.43 94.84
ASI  1.10 1.24
ASILi 0.90 1.02
1σ standard deviation is given in parentheses
ASI molar ratio of Al/(Na + K)        ASILi molar ratio of Al/(Na + K + Li)
a Measured by EPMA
b Measured by Actlabs using ICP-MS (of original PEGA anhydrous glass)
c Calculated by difference from total oxides measured
2F=O represents the fluorine oxygen equivalent for oxide calculations
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4.2.3 Solubility experiments 
Gold tubing for capsules (o.d. 2.9 mm, i.d. 2.6 mm, 15 mm length) was cleaned 
by boiling in 38% HCl diluted 5:1 with deionized water, and then cleaned with acetone to 
remove any organic residue. Tubing was then annealed at 600 °C for 15 minutes to soften 
the gold for sealing and welding. Capsule bottoms were welded, and then the capsules 
were filled with 2 mg NanopureTM water (resistivity = 18.2 MΩ) and a mixture of 20 mg 
hydrous PEGA-1.05-1 or PEGA-1.2-1 glass depending on the experiment, and 2 mg of 
the respective mineral for the experiment (e.g. wodginite). The minerals were thoroughly 
mixed with the glasses by hand to not crush the crystals prior to addition to the capsule 
and to ensure equal distribution. The capsules were then sealed using a micro-spot arc 
welder and placed in an oven at 110 °C for 20 minutes to check for leaks. Any capsule 
exhibiting weight loss after heating was discarded. Sealed capsules were then placed in 
rapid quench CSPVs at 700 °C - 800 °C and 200 MPa for 5 days. After 5 days, the 
experiments were rapidly quenched and after removal from the CSPV, and again the 
capsules were re-weighed to ensure no weight loss over the duration of the experiment. 
The capsules were then opened, and the glass chips broken into two or more pieces, with 
the larger of the pieces made into epoxy mounts for analysis by scanning electron 
microscope (SEM) and electron probe micro-analysis (EPMA), and the smaller pieces 
saved as witness chips.  
4.3 Analytical methods 
4.3.1 Electron probe microanalysis 
Major and trace elements in starting materials and experiment run products were 
analyzed by a JEOL JXA-8530F field-emission electron microprobe at the Earth and 
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Planetary Materials Analysis Laboratory at Western University. Microprobe conditions 
for glass analyses were 20 kV accelerating voltage and 2 nA current using wavelength-
dispersive spectroscopy (WDS) detectors, with a beam size of ~20 µm in order to prevent 
sodium migration and water loss during analyses as described in Morgan & London 
(1996). Analysis counting times were 30 seconds on peak positions and 15 seconds on 
each upper and lower background for major elements (Si, Na, Al, K, F, P) and 60 seconds 
on peak positions and 30 seconds on backgrounds for trace elements (elements present 
from minerals in respective experiments, e.g. manganese and tantalum in tantalite-(Mn) 
solubility experiments).  Mineral calibration standards used for analyses were: rhyolite 
glass for Si and K (Smithsonian USNM 72854 VG-568 - Yellowstone National Park, 
WY); apatite for P (Wilberforce, Ontario, Canada); Patino glass 3 for Al (Patino-Douce 
et al. 1994); pure tantalum wire for Ta (99.996%, Alfa Aesar, USA); pure manganese for 
Mn (99.99%, Johnson Matthey Chemicals, UK); pure niobium wire for Nb (99.96%, Alfa 
Aesar, USA); pure iron for Fe (99.995%, Alfa Aesar, USA); synthetic rutile for Ti; 
synthetic cassiterite for Sn (Alfa Aesar, USA); pure scandium for Sc (99.99%, Johnson 
Matthey Chemicals, UK); Amelia albite for Na; and synthetic fluorite for F and Ca. 
Errors on analyses are reported in Table 4-2. SEM images were taken using the SEM on 
the electron microprobe.  
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Table 4-2: EPMA results of varying ASI tantalum mineral solubility experiments. 
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4.3.2 Raman spectroscopy 
Raman spectroscopy was used to confirm phosphate mineral phases present as 
initially identified by scanning electron microscopy – energy-dispersive spectroscopy 
(SEM-EDS). Raman spectra were collected at Surface Science Western in London, 
Ontario, Canada on a Renishaw inVia Reflex Raman Spectrometer using a 514 nm laser, 
1800 I/mm grating, 8 milliwatts power and 50x microscope objective. Spectra collected 
were compared to reference spectra in the RRuff database to identify phases. Spectra 
were also compared to that of tantalite-(Mn) and glass from McNeil (2018, Chapter 3) to 
determine any influence of these phases on the spectra of the unknown mineral phase. 
Phosphate mineral spectra were collected at 100% power for 10 seconds, and tantalite-
(Mn) spectra were collected at 50% power for 1 second due to the intense signal 
produced by tantalite-(Mn) crystals.   
4.3.3 Secondary ion mass spectrometry 
Secondary ion mass spectrometry (SIMS) analyses were completed at the 
Manitoba Institute for Materials (MIM), University of Manitoba, on a Cameca IMS 7f 
secondary ion mass spectrometer. As with experiment TAN-700 in McNeil (2018, 
Chapter 3), the crystallization of lithiophilite in experiment TAN1.05-700 affected the 
lithium concentration and required analysis of lithium in the experiment, and boron was 
analyzed as it would not add much time to the analysis and boron could not be analyzed 
by EPMA. Knowing the concentration of lithium is necessary for calculating ASILi and 
understanding the experiment properties and solubility. Lithium and boron concentrations 
were calculated by determining their abundance relative to silicon, which is known from 
EPMA analysis of the sample. Prior to SIMS analyses, the sample and standards were 
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cleaned by submersing the samples in an ultrasonic cleaner for four separate cleaning 
stages. The duration of each stage was ten minutes. The liquid the sample was submersed 
in for each stage was: dilute soap solution, tap water, distilled water, and ethanol. After 
this process sample and standards were gold coated to ensure a conductive surface. A +2 
nA primary beam of O- ions was accelerated at -12.5 kV and focused to a ~15 µm spot.  
To help shape the beam, a 750 µm aperture was used in the primary column. The sample 
was held at +10 kV with a 0 V sample offset, and a mass resolving power of 1000 was 
determined from Burdo & Morrison (1971) and used to resolve isobaric interferences. 
The detector is a ETP 133H electron multiplier and analysis of 6Li+, 10B+, 30Si+ was 
conducted over 30 cycles with 1 second of detection for each isotope per cycle. A 20 
second pre-sputter was used to remove the gold coating and allow the secondary ion 
signal to stabilize on the chosen spot before analysis. Accurate analysis depends on 
having standard calibration in similar material to the sample being analyzed.  Due to an 
unnatural 7Li/6Li ratio of approximately 40 in the starting LiPO4 reagent (Qi et al. 1997), 
a one standard calibration of PEGA starting material was used, as other glass standards 
have a natural ratio of approximately 12 (Choi et al. 2013) and are not suitable to use for 
calibration. Boron standards used for calibration were NIST SRM 610 (Pearce et al. 
1997) and PEGA from this study. Appendix K contains the boron standard calibration 
curve and SIMS data for lithium and boron in TAN1.05-700. 
4.4 Results 
4.4.1 Calculating solubility products 
Solubility products for columbite-(Mn) and tantalite-(Mn) have been described in 
many previous studies such as Keppler (1993), Linnen & Keppler (1997), Van 
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Lichtervelde et al. (2010), and Aseri et al. (2015), and have been described previously in 
detail in McNeil (2018, Chapter 3). Briefly, dissolution reactions for pure end member 
tantalite-(Mn), wodginite, titanowodginite, and charge-balanced end member microlite 
[NaCaTa2O6(O,OH,F)] (Atencio et al. 2010) can be written respectively as: 
Equation 4.1 tantalite − (Mn):  MnTa2O6
mineral = MnOmelt + Ta2O5
melt 
Equation 4.2 titanowodginite: MnTiTa2O8
mineral = MnOmelt + TiO2
melt + Ta2O5
melt 
Equation 4.3 wodginite: MnSnTa2O8
mineral = MnOmelt + SnO2
melt + Ta2O5
melt 
Equation 4.4 microlite: NaCaTa2O6(O, OH, F)
mineral
= NaO0.5
melt + CaOmelt + Ta2O5
melt + 
1
2
(OH, F)melt 
These reactions can then be expressed in terms of solubility products: 
Equation 4.5 tantalite − (Mn): Ksp
MnTa (
mol2
kg2
) = XMnO (
mol
kg
) × XTa2O5 (
mol
kg
) 
Equation 4.6 titanowodginite: Ksp
MnTiTa (
mol3
kg3
)
= XMnO (
mol
kg
) × XTiO2 (
mol
kg
) × XTa2O5 (
mol
kg
) 
Equation 4.7 wodginite: Ksp
MnSnTa (
mol3
kg3
)
= XMnO (
mol
kg
) × XSnO2 (
mol
kg
) × XTa2O5 (
mol
kg
) 
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Equation 4.8 microlite: Ksp
NaCaTa (
mol3
kg3
)
= XNaO0.5 (
mol
kg
) × XCaO (
mol
kg
) × XTa2O5 (
mol
kg
) 
Where X represents the molar concentration of the respective mineral or compound in the 
melt. Activities for pure solid phases are unity and are not included in the above 
equations. For microlite, the additional (OH,F) term would likely not affect the solubility 
of the mineral because the water and fluorine contents of the experiments do not vary, 
and it can be treated as a constant. Therefore, the solubility products are valid for melts 
that are similarly hydrous and contain fluorine. Also, water and fluorine concentrations in 
melts have been shown to not affect the solubility of tantalite-(Mn) and columbite-(Mn) 
in previous studies (Linnen 2005; Bartels et al. 2010; Fiege et al. 2011; Aseri et al. 
2015). Therefore, this term has not been included in the solubility equation above.  
When natural, non-end member composition minerals are used, the activity of the 
crystalline phase is no longer unity. Assuming ideal mixing, the activity of the end 
member component in the solid solution can be approximated as the product of the mole 
fractions (X) of the end member cations raised to the power of the number of 
crystallographic sites over which they mix (Wood & Fraser 1977). These mole fractions 
have been determined based on starting mineral stoichiometries and are given below. 
Natural wodginite - XMn = 0.65, XSn = 0.60, XTa = 0.88 
Natural microlite - XCa = 1, XNa = 0.46, XTa = 0.90 
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These mole fractions are incorporated into the activity of the end member component as 
shown in Equations 4.9 – 4.10, with the squared terms representing mixing over two 
crystallographic sites (e.g. two Ta sites in wodginite [MnSnTa2O8]). Therefore, the use of 
natural microlite that lies along the Ca-Na solid solution allows for the estimation of the 
end member [NaCaTa2O6(O,OH,F)] solubility product. Microlite solubilities referred to 
throughout this study refer to the solubility of the end member as described above.  
Equation 4.9 wodginite: Ksp
MnSnTa (
mol3
kg3
)
=
XMnO (
mol
kg
) × XSnO2 (
mol
kg
) × XTa2O5 (
mol
kg
)
0.65 × 0.60 × 0.882
 
Equation 4.10 microlite: Ksp
NaCaTa (
mol3
kg3
)
=
X
1
2 Na2O
(
mol
kg
) × XCaO (
mol
kg
) × XTa2O5 (
mol
kg
)
0.46 × 0.902
 
Watson & Harrison (1983) described solubility as the partition coefficient (D) 
between the mineral and the melt (Equation 4.11). This allows direct comparison between 
different mineral phases, such as how much tantalum dissolved into the melt relative to 
how much was present in the starting mineral in question. Calculated solubility products 
as Ksp and D
mineral/melt and their associated errors are reported in Table 4-2.  
Equation 4.11: DTa
mineral/melt
=
 [Ta2O5]
mineral
[Ta2O5]melt
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4.4.2 Run products 
The glass compositions for all experiments are reported as an average of 20 
EPMA analyses per experiment and are provided in Table 4-2. Appendix L contains all 
EPMA analyses of glasses for experiments. Errors reported are 1σ standard deviation of 
the 20 spots analyzed. Spots were chosen to represent both areas close to mineral grains 
and in large crystal free zones. Appendix M contains back scattered electron (BSE) 
images of glass analysis spots for all samples. The presence of lithiophilite in the 
TAN1.05-700 experiment was confirmed by Raman spectroscopy and spectra are given 
in Appendix N, and the SIMS data used to calculate the lithium concentration for this 
experiment is given in Appendix K. The Mn/Ta ratios are stoichiometric for all ASI 1.10 
and 1.24 experiments except TAN1.05-700, due to the presence of lithiophilite crystals in 
the glass, changing the Mn/Ta ratio. There is much less lithiophilite in TAN1.05-700 
(only three crystals at the glass surface) compared to TAN-700 (many crystals at surface) 
in McNeil (2018, Chapter 3). There is no lithiophilite present in experiment TAN1.2-700. 
Stoichiometric Mn/Ta values for tantalite and titanowodginite experiments are 0.5 and for 
wodginite experiments is 0.34. The stoichiometric Mn/Ta ratio for wodginite is different 
from titanowodginite due to the use of natural wodginite for experiments with a non-ideal 
manganese-tin-tantalum ratio. The chemical formula of the natural wodginite used is 
(Mn0.66Fe0.36)(Sn0.60Ta0.20Fe0.13Sc0.02Ti0.05)(Ta1.75Nb0.25)O8. The fact that all Mn/Ta ratios 
in ASI 1.10 and 1.24 experiments except TAN1.05-700 which crystallized lithiophilite 
are stoichiometric indicates two things: that the experiments represent equilibrium values 
and that there is no microlite present as run products in the tantalite-(Mn) and wodginite 
experiments. This is significant because almost all tantalite-(Mn) and wodginite solubility 
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experiments in McNeil (2018, Chapter 3) contained a mineral identified as microlite. 
Reversal experiments are also used to determine if a melt has reached equilibrium by 
examining the reaction from the direction of crystallization compared to dissolution. If 
Ksp values for dissolution and crystallization experiments are identical within error, they 
are determined to have reached equilibrium. As all experiments contain stoichiometric 
Mn/Ta values, reversal experiments were not necessary. This is expected as Fiege et al. 
(2011) showed that in flux-rich melts, equilibrium is attained in 4 days for columbite-
(Mn) and tantalite-(Mn) dissolution experiments. Therefore, a duration of 5 days should 
be sufficient for all experiments to reach equilibrium. In microlite experiments, apatite is 
present in all experimental run products as predicted by the addition of calcium to the 
melt from the natural microlite, and the presence of phosphorus in the melt.   
 Linnen et al. (1995) showed that tin will alloy with noble metal capsule materials 
such as gold and platinum. The Sn/Ta and Mn/Sn ratios for wodginite experiments based 
on natural starting mineral stoichiometry should be approximately 0.3 and 1.1 
respectively if there is no tin loss to gold or other mineral species. The Mn/Sn and Sn/Ta 
ratios for the NWOD1.05-700 experiment are 1.06 ± 0.18 and 0.28 ± 0.03 respectively, 
matching the stoichiometric values reported for the natural wodginite used in experiments 
within error.  Experiment NWOD1.2-700 contained tin contents below detection limits of 
the electron microprobe, which is 500 ppm SnO2. Mn/Sn and Sn/Ta ratios are larger and 
smaller respectively in the 800 °C experiments, with values of 2.84 ± 0.51 and 0.12 ± 
0.02 respectively in experiment NWOD1.05-800 and 5.89 ± 5.20 and 0.06 ±0.05 
respectively in NWOD1.2-800. This shows that the Mn/Sn ratio for wodginite 
experiments also increases with increasing ASI of the melt, indicating that removal of tin 
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from the melt by alloying with the gold capsule wall increases with increasing ASI. This 
could be due to the valence state of tin changing with melt composition, as Sn2+ diffuses 
faster than Sn4+ (Linnen et al. 1995). Taylor & Wall (1992) showed that increasing 
alkalinity of the melt increases the solubility of tin in the melt, as is true for tantalum. 
Therefore, less tin is present in the melt to begin with, which is verified by the data 
presented herein. Gold capsules from experiments were analyzed by electron microprobe 
at Western University at the Earth and Planetary Materials Analysis Laboratory and tin 
contents were below detection limits of the machine. This is expected as there is only 
approximately 0.28 mg of tin in each experiment, in relation to approximately 300 mg of 
gold capsule material.  If all the tin in the experiment was homogeneously distributed in 
gold-tin alloy, there would be approximately 9 ppm tin in the alloy. This amount is less 
than in experiments in McNeil (2018, Chapter 3) due to less wodginite and glass being 
added to each individual experiment. As the majority of the tin is still present as 
wodginite in the experiments, the amount of tin in the alloy would be appreciably smaller 
(See Appendix M for images of wodginite experiments, with the majority of wodginite 
grains still present in the melt). This is well below the detection limits of the electron 
microprobe. Mineral grains were periodically analyzed in the experiment run products to 
ensure congruent dissolution of mineral grains to melt, and stoichiometries determined 
are identical within error to the starting minerals.    
4.4.3 Solubility and melt composition 
The solubility products of tantalite-(Mn), wodginite, titanowodginite and end 
member microlite have been calculated using Equations 4.5 - 4.6 and 4.9 - 4.10 and plots 
of logKsp vs ASI are given. Figure 4-1 shows logKsp vs ASI for all minerals at 800 °C and 
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700 °C. The solubilities of wodginite and titanowodginite decrease sharply with 
increasing ASI as shown for tantalite-(Mn) by Linnen & Keppler (1997). Microlite 
solubility products slightly increase with ASI at 800 °C, and slightly decrease with ASI at 
700 °C. However, as these trends are only defined by three points, the data must be 
treated with caution. ASI has a stronger effect on solubility for wodginite and 
titanowodginite as they have the steepest slopes followed by tantalite-(Mn), and microlite 
is least affected by ASI with the shallowest slope. Figure 4-2 compares this data to the 
tantalite-(Mn) solubility data of Linnen & Keppler (1997) due to their wide range of 
compositions investigated, and Aseri et al. (2015) due to their similar glass composition 
to this study. The data for tantalite-(Mn) is in close agreement to the data from Aseri et 
al. (2015), with solubilities in this study reported as slightly lower (Figure 4-2). This is 
interpreted as being due to a slight difference in melt composition between the two 
studies. The tantalite-(Mn) solubility data is very different from Linnen & Keppler (1997) 
due to the presence of lithium in this study, as lithium is an alkali element and changes 
the effective ASI of the melt. Figure 4-3 shows a comparison to Linnen & Keppler (1997) 
and Aseri et al. (2015) with melt composition reported as ASILi. The melt composition 
for Linnen & Keppler (1997) does not contain any lithium. When compared using ASILi, 
the data from Linnen & Keppler (1997) is in close agreement until approximately ASILi 
0.95, where their data shifts, showing a characteristic solubility low at ASILi 1.0, then 
increasing solubility past this point. The data presented here does not follow this trend, 
and continues linearly, as does the data from Aseri et al. (2015). This is interpreted as 
being due to the lack of fluxes in Linnen & Keppler (1997), decreasing diffusivity of 
tantalum in the melt and affecting the reported solubility results and errors due to low 
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tantalum concentrations. A plot of logD vs ASI is given in Figure 4-4, and shows that 
tantalite-(Mn), wodginite, and titanowodginite have identical solubilities within error, and 
microlite has a much lower solubility, confirming the trend presented in McNeil (2018, 
Chapter 3). When solubility is reported as a partition coefficient, microlite solubility 
follows the same trend as the other studied minerals, with solubility decreasing with 
increasing ASI. This is opposite to the trend described for microlite solubility products. 
Table 4-3 reports the slopes of the lines and their errors for the logKsp vs ASI and logD vs 
ASI plots.  
 
Figure 4-1: logKsp vs ASI of tantalum ore minerals at 700 °C and 800 °C. Error bars 
are ± 1σ and in some instances, are smaller than the data point. 1σ error on ASI is ± 
0.03 or better. 
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Figure 4-2: logKsp vs ASI of tantalum ore minerals at 700 °C and 800 °C compared 
to Linnen & Keppler (1997) and Aseri et al. (2015). Error bars are ± 1σ and in some 
instances, are smaller than the data point. 1σ error on ASI for this study is ± 0.03 or 
better. 
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Figure 4-3: logKsp vs ASILi of tantalum ore minerals at 800 °C compared to Linnen 
& Keppler (1997) and Aseri et al. (2015). Error bars are ± 1σ and in some instances, 
are smaller than the data point. 1σ error on ASILi for this study is ± 0.03 or better. 
 
Figure 4-4: logD vs ASI of tantalum ore minerals at 700 °C and 800 °C. Error bars 
are ± 1σ and in some instances, are smaller than the data point. 1σ error on ASI is ± 
0.03 or better. 
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Table 4-3: Calculated slopes and errors for minerals at 700 °C and 800 °C on logKsp 
vs ASI and logDTa vs ASI plots. 
 
4.4.4 Solubility and temperature 
Plots of logKsp vs 1000/T (Figure 4-5) and logD vs 1000/T (Figure 4-6) where T 
is in Kelvin, are given for wodginite, titanowodginite, tantalite-(Mn) and microlite. Due 
to the slopes of the lines being calculated from only two data points, the error on the 
slope calculation is zero and therefore the error on the enthalpy of dissolution cannot be 
calculated. More data points are necessary to determine the error on temperature 
dependence and dissolution enthalpy and these plots and data must be treated with 
caution. As was shown in McNeil (2018, Chapter 3), the solubilities of these minerals are 
highly temperature dependent, with solubilities decreasing with decreasing temperature. 
Solubility for tantalite-(Mn) has been shown to decrease with decreasing alkalinity of the 
melt (Linnen & Keppler 1997), and the slopes of both the logKsp vs T and logD vs T 
plots also become steeper with increasing ASI in this study except for solubility products 
of microlite. Titanowodginite has the highest temperature dependence with melt 
Mineral
Temperature 
(°C)
Slope 
(dlogKsp/d(ASI)
Slope 
(dlogDTa/d(ASI)
Tantalite 700 -4.23 (±0.44) 2.27 (±0.26)
Microlite 700 -0.84 (±0.46) 1.99 (±0.33)
Wodginite 700 -8.79 (±1.01) 2.57 (±0.22)
Titanowodginite 700 -6.47 (±0.50) 2.10 (±0.14)
Tantalite 800 -3.34 (±0.20) 1.52 (±0.15)
Microlite 800 0.23 (±0.58) 1.11 (±0.12)
Wodginite 800 -7.00 (±0.33) 1.65 (±0.10)
Titanowodginite 800 -4.80 (±0.20) 1.58 (±0.09)
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composition (steepest slope of logKsp vs 1000/T plot), followed by microlite, wodginite, 
and with tantalite-(Mn) having the least temperature dependence at ASI 1.24.  
 As demonstrated in McNeil (2018, Chapter 3), the integrated Van’t Hoff equation 
relates the change in the solubility product to the change in temperature (slope of the 
logKsp vs 1000/T plots) via the enthalpy of dissolution (e.g. Stepanov 2005). The Van’t 
Hoff equation is given as equation 4.12: 
𝐸quation 4.12: lnKsp = −
∆H
RT
+ 
∆S
R
 , 
where Ksp is the solubility product, T is the temperature in Kelvin, R is the ideal gas 
constant, 8.314 J/K×mol ΔH is change in enthalpy and ΔS is change in entropy. The 
Van’t Hoff plot, or plots of lnKsp vs 1/T utilize equation 4.12 where −
∆H
RT
 is the slope of 
the line, and 
∆S
R
 is the y-intercept. Based on equation 4.12, the enthalpy of the reaction can 
be expressed from the slope as: 
𝐸quation 4.13: −∆Hdiss =
dlnKsp
d (
1
T)
× R, 
where dlnKsp/d(1/T) is the slope of the logKsp vs 1000/T plots converted from log to ln 
using the equation lnX = 2.303×logX. Using this equation, the enthalpy of dissolution of 
tantalite-(Mn), microlite, wodginite and titanowodginite can be calculated, and the results 
of this calculation are given in Table 4-4. Literature values for the enthalpy of dissolution 
of tantalite-(Mn) vary, due to differences in melt compositions between studies. 
Examples for tantalite-(Mn) are: 135 ± 24 kJ/mol (Linnen & Keppler 1997); 100 ± 11 
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kJ/mol (Linnen 1998); 79.5 ± 0.7 kJ/mol, (Aseri et al. 2015); and 79 kJ/mol (Van 
Lichtervelde et al. 2010). The enthalpy of dissolution for microlite, wodginite and 
titanowodginite have not been previously calculated for these melt compositions.  
 
Figure 4-5: logKsp vs T for tantalum ore minerals in varying ASI melts. Error bars 
are ± 1σ and in some instances, are smaller than the data point. 
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Figure 4-6: logD vs T for tantalum ore minerals in varying ASI melts. Error bars 
are ± 1σ and in some instances, are smaller than the data point. 
Table 4-4: Dissolution enthalpies of respective mineral phases in varying ASI 
glasses. As slopes are calculated based on two points there is no error on the 
calculations. 
 
Mineral ASI
Slope 
(dlogKsp/d1000/T)
ΔHdiss 
(kJ/mol)
Tantalite-(Mn) 1.10 -3.6 69
Microlite 1.10 -5.4 103
Wodginite 1.10 -3.1 59
Titanowodginite 1.10 -4.9 94
Tantalite-(Mn) 1.24 -5.1 97
Microlite 1.24 -8.0 153
Wodginite 1.24 -7.7 148
Titanowodginite 1.24 -8.4 161
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4.5 Discussion 
4.5.1 Presence of lithiophilite 
Lithiophilite was identified in the 700 °C tantalite-(Mn) dissolution experiment in 
McNeil (2018, Chapter 3). Therefore, all experiments were carefully examined for this 
mineral. Lithiophilite was only identified in experiment TAN1.05-700. It is significant 
that the ASI 1.24 experiment at 700 °C did not contain lithiophilite and it is assumed to 
be because tantalite-(Mn) is much less soluble in the ASI 1.24 glass composition, and the 
amount of manganese present in the glass was not enough to reach lithiophilite saturation. 
Lithium is an alkali element, decreasing the ASI and increasing the solubility of tantalite-
(Mn) in haplogranitic melts (Linnen 1998). Lithiophilite contains approximately 12% 
Li2O but the amount of lithiophilite that crystallized in experiment TAN1.05-700 is 
negligible (three small crystals at the glass surface for analysis) and would not change the 
lithium content of the melt enough to change the ASILi and affect the solubility of 
tantalite-(Mn). This was confirmed by SIMS analysis of the Li2O content of the glass in 
experiment TAN1.05-700 and the Li2O content is 1.07 ± 0.03, identical within error to 
the PEGA starting glass Li2O content of 1.05 ±0.01.  
4.5.2 Microlite in tantalite-(Mn) and wodginite experiments 
Microlite was observed as a run product in all tantalite-(Mn) experiments and 
most wodginite experiments in McNeil (2018, Chapter 3), despite not being a starting 
material for the experiments. This is interpreted to be the result of the fact that microlite 
is less soluble than tantalite-(Mn), therefore the presence of excess alkalis in the melt 
combining with the dissolved Ta2O5 will form microlite if the melt is at tantalite-(Mn) 
saturation. In this study microlite was absent in all ASI 1.10 and 1.24 tantalite-(Mn) and 
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wodginite dissolution experiments, which is supported by the stoichiometric Mn/Ta 
values of the glass for the experiments. Microlite crystallization causes these values to be 
non-stoichiometric, as shown in McNeil (2018, Chapter 3). This can be explained by the 
removal of excess alkalis in peraluminous melts. In melts, there is a competition for 
tantalum between tantalum-sodium oxide melt structures and tantalum-aluminum oxide 
melt structures. These experiments in subaluminous and peraluminous melts potentially 
indicate that at ASI 1.0, tantalum-sodium melt structures are dominant and form 
microlite, whereas in ASI 1.10 and 1.24 melts, tantalum-aluminum melt structures are 
dominant, and tantalum remains in the melt. Further, it could be implied that microlite 
should be present as the dominant tantalum mineral phase in peralkaline melts where 
excess alkalis are present, whereas tantalite-(Mn), wodginite or titanowodginite would be 
the dominant mineral phase in peraluminous melts based on available fluid mobile 
cations. However, this would also depend on the concentration of sodium, calcium, 
manganese and tin in the melt. Throughout all experiments performed in this study, 
tantalite-(Mn) is shown to be the most soluble tantalum mineral phase, followed by 
microlite, titanowodginite and wodginite. The solubility products extrapolated to higher 
ASI show that end member microlite becomes the most soluble mineral phase over 
tantalite-(Mn) at an ASI of approximately 1.39 at 800 °C (Figure 4-3). Based on this, 
microlite should be present in tantalite-(Mn) dissolution experiments for all melt 
compositions in this study. However, microlite was only observed in tantalite-(Mn) 
dissolution experiments in the ASI 1.0 melt. The fact that microlite is not present in the 
melt when it is less soluble than tantalite-(Mn) is potentially due the fact that there are no 
excess alkalis present in these peraluminous melts. The activity of sodium and calcium 
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are likely very different between peraluminous and peralkaline melts. Additionally, the 
fact that microlite solubility increases with ASI, the opposite trend for any other minerals 
studied, suggests that there is a fundamental difference in the behaviour of sodium and 
calcium compared to other elements such as manganese or tin. Additionally, the fact that 
solubility products for microlite increase with ASI, and partition coefficients decrease 
with ASI, suggests that the calcium or sodium content of the melt is key to understanding 
solubility. This is because the partition coefficient only takes into account the tantalum 
content of the melt, which is decreasing, but the solubility product accounts for all 
mineral constituents in the melt. More research is necessary to fully understand the 
processes responsible for microlite crystallization in pegmatite melts.  
4.5.3 Solubility reported as a solubility product 
Previous studies have shown that the solubility of tantalite-(Mn) is highly 
dependent on temperature and melt composition, with decreasing temperature decreasing 
solubility, and increasing ASI of the melt decreasing solubility (Linnen & Keppler 1997; 
Van Lichtervelde et al. 2010; Aseri et al. 2015). This also holds true for temperature 
dependence of wodginite, titanowodginite and microlite (McNeil 2018, Chapter 3), and 
compositional dependence of wodginite and titanowodginite solubility products 
(decreasing with increasing ASI, this study) in flux-rich haplogranitic melts. Microlite 
solubility increases only slightly with increasing ASI. The temperature dependence is 
shown through the slopes of the lines of temperature dependence for each the minerals 
(Figure 4-5). The slopes of the lines increase with increasing ASI of the melt, showing 
that temperature dependence is increasing with ASI. These properties may be related to 
the non-bridging oxygen (NBO) content of the melt (Hess 1995), which are defined as 
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oxygen atoms that are not shared between tetrahedra in the melt. Linnen & Keppler 
(1997) proposed that five NBOs are required to stabilize one Ta5+ atom in a melt. NBOs 
are in excess in peralkaline melts due to excess K2O and Na2O, each contributing one 
NBO to the melt structure (Horng et al. 1999). Horng et al. (1999) used spectroscopic 
data to show that Nb/Ta5+ cations form stable M5+AlO4 complexes and have a strong 
affinity for aluminum in peraluminous melts, and M5+OK species are present in 
peralkaline melts, where M = Nb or Ta (Horng et al. 1999). In peralkaline melt 
compositions solubility is likely almost solely controlled by melt composition (high 
solubility) with less of a temperature effect because the NBOs are present in the melt to 
stabilize tantalum. However, in peraluminous melts there is no excess Na2O or K2O 
present in the melt, and therefore it is assumed that there are no NBOs related to alkali 
elements. Dissolution of tantalum into peraluminous melts likely involves interactions 
with bridging oxygens which are much less effective in stabilizing the Ta5+ cation. 
Therefore, in these melt compositions temperature would likely be the main factor 
controlling solubility with little effect from composition (low solubility). This trend has 
been shown to be true for all minerals investigated in this study. Wodginite and 
titanowodginite solubilities are also most affected by increasing the aluminum content in 
the melt, followed by tantalite-(Mn) and then microlite having the least and slightly 
opposite effect. This is due to wodginite and titanowodginite containing two elements 
with high charges that would need to be stabilized by NBOs in the melt structure (Ti4+ or 
Sn4+ and Ta5+). Therefore, increasing the ASI of the melt will likely have a two-fold 
effect on solubility, and high temperature would be necessary to dissolve these elements 
into the melt. Microlite contains the alkali elements sodium and calcium in its structure 
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and therefore the dissolution of microlite would likely increase the alkali content of the 
melt, adding NBOs to stabilize the concurrently dissolving Ta5+, minimizing the effect of 
temperature and melt composition on solubility. Additionally, there is likely a 
fundamental change in alkali element behaviour between peraluminous and peralkaline 
melts, and more research is necessary to fully understand the solubility of microlite in 
melts of varying compositions.  
 It is also important to point out the effect of fluxes on the solubility of tantalum 
phase minerals in haplogranitic melts. Lithium is a fluxing compound and is also 
classified as an alkali element. Figure 4-2 shows the data from this study compared to 
Linnen & Keppler (1997) and Aseri et al. (2015) for ASI reported without lithium, where 
the melts of Aseri et al. (2015) composition contains fluxes (such as lithium) and the 
melts of Linnen & Keppler (1997) contain no fluxes. When reported this way, the 
solubility data between this study and Aseri et al. (2015) are comparable, which is 
expected as they both contain lithium, whereas the solubility data from Linnen & Keppler 
(1997) is much lower. When the ASI of the experiments is reported as ASILi (Figure 4-3), 
the solubilities of tantalite-(Mn) between the three studies are comparable until 
approximately ASILi = 0.95. At this point the data from Linnen & Keppler (1997) shows 
a minimum in solubility at ASI 1.0 with solubility increasing with increasing ASI past 
this point. This study and Aseri et al. (2015) do not show this minimum, with agreeable 
data showing solubility continuing along a linear trend. The only difference between 
these studies is the presence of fluxes in the glass, indicating that the presence of fluxes 
in the melt removes the sharp decrease in solubility approaching ASI 1.0 from lower or 
higher ASI values. A possible explanation is that the fluxes are increasing the diffusivity 
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of tantalum in the melt, and therefore equilibrium is attained faster and the error on the 
solubility products is decreased due to greater tantalum and manganese homogeneity 
throughout the experiment products. All of the data points from Linnen & Keppler (1997) 
lie along the linear regression from this study, within error. Therefore, the explanation 
that fluxes are increasing diffusivity and allowing for more accurate data measurement is 
reasonable.   
 The solubility product for a mineral is a constant over a small compositional 
range where the activity coefficient is constant (Henry’s law). Therefore, the solubility 
product will remain constant despite stoichiometric mineral dissolution, but final non-
stoichiometric melt concentrations. Experiments could contain non-stoichiometric 
concentrations due to either accessory phases crystallizing during the experiment or 
elements in the minerals present in the starting melt before dissolution. This property was 
tested in Linnen & Keppler (1997), and it was shown that the presence of MnO or Ta2O5 
in the starting melt did not affect the solubility of tantalite-(Mn), demonstrating that 
solubility follows Henry’s law and is constant over a small compositional range. This 
applies to microlite solubility experiments in this study, where approximately 7 wt% 
Na2O is already present in the melt composition. It is assumed that the activity coefficient 
of sodium is the same over a Na2O compositional range and that the solubility product 
will be constant despite sodium being present in the starting melt composition. However, 
this property may not hold true compared with melts that do not contain sodium or 
contain much smaller concentrations in the starting melt.   
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4.5.4 Solubility reported as a partition coefficient 
Watson & Harrison (1983) reported solubility as a partition coefficient (D) which 
allows for a direct comparison of the solubilities of tantalum in various mineral phases. 
Partition coefficients relate the weight percent concentration of an element in a mineral to 
the weight percent concentration of the same element in a melt, for example the amount 
of Ta2O5 present in wodginite to the amount present in the melt at the end of a dissolution 
experiment (refer to equation 4.11). Therefore, increasing partition coefficients represent 
decreasing solubility of a mineral in a melt. Figure 4-6 is a plot of logD versus ASI for 
wodginite, titanowodginite, microlite and tantalite-(Mn) at both 700 °C and 800 °C. 
Tantalite-(Mn), wodginite and titanowodginite all have nearly identical solubilities, 
within error, and microlite is much less soluble. This is different than the results for 
solubility when reported as a solubility product, but identical to the results presented in 
McNeil (2018, Chapter 3) for an ASI 1.0 melt composition. This plot also shows the 
same trend as the logKsp vs 1000/T plots, that solubility is more dependent on 
temperature at higher melt ASI values. As stated above, the solubility product for a 
mineral is constant when solubility follows Henry’s law, that the activity coefficient is 
constant over a small compositional range. Therefore, the solubility product will remain 
constant despite final non-stoichiometric melt compositions due to either an element 
present in both the starting melt and dissolving mineral, or a different mineral 
crystallizing during the experiment. Linnen & Keppler (1997) demonstrated that if 
starting melts contain elements present in the mineral over a small compositional range 
(0-1 wt% Nb2O5, Ta2O5 or MnO), solubility is Henrian (follows Henry’s law) and a 
constant. However, when reporting solubilities as partition coefficients, the only 
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parameters taken into effect are the concentration of tantalum in the mineral and melt, not 
the concentration of sodium or calcium. The starting melt contains approximately 7% 
Na2O and will cause non-stoichiometric concentrations of sodium, calcium and tantalum 
in the final melt. When this smaller tantalum value is then related to the amount present 
in the mineral for the partition coefficient, the value is much smaller than it would likely 
be if there was no sodium present in the starting melt. Therefore, as in McNeil (2018, 
Chapter 3), the solubility of microlite is likely similar to that of tantalite-(Mn), wodginite 
and titanowodginite and can be tested by performing microlite dissolution experiments 
with varying levels of sodium (at constant ASI) that are less than the concentration in this 
study to determine the partition coefficient. This type of study would also provide 
information as to whether the activity of sodium is the same across melts of varying 
sodium concentrations and defining the range in which solubility is Henrian. Partition 
coefficients are also a function of ASI as the activity of tantalum will change with 
varying ASI. It can be assumed that decreasing ASI will increase the activity of tantalum 
by stabilizing it in the melt through the addition of alkali elements, increasing NBO 
content of the melt. However, further study is necessary to determine the effects of 
sodium and tantalum activity in relation to microlite solubility. 
4.5.5 Implications of solubility data for tantalum mineralization 
The effect of melt composition on tantalum mineral solubility is extremely 
important to understanding the crystallization mechanisms of pegmatites. London et al. 
(1989) completed experiments on the internal differentiation of pegmatites and 
successfully replicated four zones present in natural pegmatites, a fine-grained border 
zone, a graphic quartz-feldspar intergrowth zone, a monomineralic quartz zone, and a late 
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stage fine grained albite and mica zone. Through these experiments, London et al. (1989) 
concluded that fractionation of the peraluminous starting melt trends towards SiO2 
depletion and enrichment in sodium due to increasing boron, phosphorus, and fluorine 
concentrations with crystallization. Tantalum minerals are shown to be much more 
soluble in peralkaline melts (Linnen & Keppler 1997), which may explain why these 
minerals are typically found in the border and intermediate pegmatite zones, before the 
melt fractionates to peralkaline compositions. Therefore, understanding tantalum mineral 
solubility over a range of compositions is essential to explaining their crystallization 
processes during all potential stages of melt fractionation. 
This study has shown that microlite, wodginite, titanowodginite and tantalite-
(Mn) have very similar solubilities, within error, and that solubility sharply decreases 
with decreasing temperature and increasing ASI of the melt. Due to this, crystallization 
must be controlled by a combination of the availability of fluid mobile cations for 
reaction in the melt, and the solubility of tantalum in pegmatite melts. The presence of 
microlite in subaluminous experiments and its absence in peraluminous experiments 
confirms this, as excess alkalis are present in subaluminous and peralkaline melts, and 
not in peraluminous melts. Even though there is approximately 7 wt% Na2O present in 
the melt, without excess Na2O present as determined by the ASI, microlite will not 
crystallize. This is similar to the assumption made by Van Lichtervelde et al. (2007); that 
the solubility of tantalum in pegmatite melts controls the crystallization of ore minerals, 
and once a melt achieves saturation in tantalum, the phase with the lowest solubility will 
crystallize first. Only when tantalum is extremely oversaturated will multiple phases 
crystallize at once, based on available fluid mobile cations (Ca, Mn, Fe, Sn, Ti). 
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However, the equilibrium solubility concentrations of tantalum for all minerals 
investigated has been typically shown to be approximately ≥ 3000 ppm and up to 
approximately 2.7 wt% depending on melt composition and mineral investigated at 700 
°C, the starting crystallization temperature for pegmatites (London 1992). This is much 
higher than the actual melt concentration of tantalum in natural pegmatite melts, which 
have been reported as: 150 ppm tantalum from whole rock analyses from the 
Greenbushes pegmatite (Bettenay et al. 1985); up to 521 ppm tantalum in melt inclusions 
from the Ehrenfriedersdorf pegmatite (Webster et al. 1997); and 104 – 561 ppm tantalum 
in melt inclusions from the Mt. Malosa granites and pegmatites (Zajacz et al. 2008). At 
this concentration, it is nearly impossible to reach saturation without unreasonably high 
concentrations of fluid mobile cations in the melt.  
Van Lichtervelde et al. (2007) stated that the crystallization of tantalum mineral 
phases at Tanco is controlled by the availability of mineral-forming (or mobile) cations 
and that hydrothermal fluids could have provided these elements. The addition of a 
manganese-, calcium-, or tin-rich hydrothermal fluid to the system could the cause of 
formation of tantalum minerals around the outside of the pegmatite, or wherever the fluid 
is able to come in contact with the melt. For example, the fluid would be able to transport 
the larger quantities of manganese, necessary to become saturated in tantalite-(Mn) at 
lower concentration of tantalum in the melt and crystallize tantalite-(Mn). Hydrothermal 
processes have been identified during crystallization of tantalum/niobium-rich zones of 
natural pegmatites or granites such as Tanco, Canada; Greenbushes, Australia; 
Cínovec/Zinnwald, Czech Republic, and Dajishan, Southeastern China (Černý 2005; 
Partington et al. 1995; Breiter et al. 2017; and Wu et al. 2017).  Therefore, it is possible 
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that these hydrothermal fluids have played an important role in the crystallization of 
niobium and tantalum minerals. In order to evaluate the idea of fluid-melt crystallization 
mechanisms compared to crystallization from extremely low temperature melts (e.g. 450 
°C or lower), experiments need to be performed at lower temperatures. Dissolution 
experiments at these temperatures are unlikely to be successful due to slow diffusion and 
crystallization of the melt below 700 °C. However, crystallization from fluid-melt 
interactions are possible at lower temperatures. This proposed idea of fluid-melt 
interaction is evaluated for columbite-(Mn) in McNeil (2018, Chapter 5). 
4.6 Conclusion 
Tantalum is classified as a strategic metal and the main sources of tantalum come 
from minerals such as tantalite-(Mn), microlite group, and wodginite group minerals 
(Papp 2014). Before McNeil (2018, Chapter 3), the solubilities of microlite, wodginite 
and titanowodginite were unknown. This study built on the reported ASI 1.0 data from 
McNeil (2018, Chapter 3) by including compositional variation to the studied parameters 
in a flux-rich haplogranitic melt of ASI 1.10 and 1.24 and at temperatures of 700 °C and 
800 °C. When solubilities are reported as solubility products, tantalite-(Mn) is the most 
soluble, followed by microlite, titanowodginite, and wodginite. Solubilities for all 
minerals except microlite sharply decrease with increasing ASI, microlite slightly 
increases with ASI, and the effect of temperature on solubility increases with ASI. These 
trends except for microlite solubility increasing with ASI are the same as the ones 
previously reported for tantalite-(Mn) in studies such as Linnen & Keppler (1997), Van 
Lichtervelde et al. (2010) and Aseri et al. (2015). This is proposed to be due to the 
presence of alkali elements and transition metals (Na2O and CaO in microlite, MnO in 
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tantalite) controlling solubility. Alkalis contain NBOs and these NBOs likely stabilize 
tantalum and other high field strength elements in the melt, increasing their solubility. 
Peralkaline melt compositions have been shown to strongly increase the solubility of 
tantalite-(Mn), and as such the presence of alkaline elements and NBOs in a mineral 
would likely also increase the minerals solubility. The removal of excess alkalis 
destabilizes tantalum in the melt and increases the effect of temperature on solubility. 
Additionally, the activities of sodium and calcium are assumed to be different from the 
activity of manganese, which will affect the solubility product. Wodginite group minerals 
also contain two elements that need to be stabilized by NBOs in the melt (Ta5+, and Sn4+ 
or Ti4+), whereas tantalite-(Mn) and microlite-(Mn) only contain one (Ta5+). This 
potentially explains the sharper decrease in wodginite group mineral solubility with 
increasing ASI compared to microlite and tantalite-(Mn) 
 When the solubility of these minerals is calculated using partition coefficients, the 
solubility of tantalite-(Mn), wodginite and titanowodginite are nearly identical, within 
error. Due to partition coefficients not considering the sodium present in the starting melt 
during the experiments, microlite appears to have a lower solubility than other minerals 
investigated. To better understand the solubility of microlite, more experiments need to 
be completed to determine if the partition coefficients approach the values of tantalite-
(Mn), wodginite and titanowodginite with less sodium present in the starting melt at 
constant ASI and confirm that microlite solubility is Henrian over changing sodium melt 
compositions.   
 Due to all studied ore minerals of tantalum having similar solubilities despite 
varying temperature and melt composition, it can be concluded that it is a combination of 
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tantalum mineral solubility and the presence of fluid mobile cations (Ca, Mn, Fe, Sn, Ti) 
that controls the crystallization of various phases in deposits worldwide. These cations 
can come from the assimilation of wall rocks, fractionation and interaction of different 
magmas, or fluid/melt interactions. The crystallization of columbite-(Mn) from a niobium 
undersaturated melt and a manganese-rich fluid is investigated in McNeil (2018, Chapter 
5). Accurately describing and understanding the natural formational processes for 
niobium/tantalum mineralization is key to developing exploration strategies to uncover 
new deposits of these critical strategic metals.  
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Chapter 5  
5 Crystallization of columbite-(Mn) from hydrothermal 
fluid – melt interactions 
 
Alysha G. McNeil1, Robert L. Linnen1, Roberta L. Flemming1 and Mostafa Fayek2 
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North, London, ON N6A 5B7, Canada 
2Department of Geological Sciences, Manitoba Institute for Materials (MIM), 
University of Manitoba, 240 Wallace Building, 125 Dysart Road, Winnipeg, MB 
R3T 2N2, Canada 
5.1 Introduction 
Tantalum and niobium are rare metals that are essential to modern day 
technologies such as cell phones and specialty alloys (Linnen et al. 2012). Igneous rocks 
host all primary niobium and tantalum deposits, and source rocks for these elements are 
alkaline to peralkaline and peraluminous granites and peralkaline to peraluminous 
pegmatites, with niobium mines also hosted in fresh or weathered carbonatite rocks 
(Linnen et al. 2014). Columbite-(Mn) [MnNb2O6] and tantalite-(Mn) [MnTa2O6] are ore 
minerals of niobium and tantalum containing approximately 80% Nb2O5 and 87% Ta2O5 
respectively. Due to their association with primary magmatism, numerous studies on the 
solubility of columbite-(Mn) and tantalite-(Mn) have been completed to constrain 
formational mechanisms and properties in melts of varying compositions (e.g. Keppler 
1993; Linnen & Keppler 1997; Chevychelov et al. 2008; Fiege et al. 2011; Aseri et al. 
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2015; Tang et al. 2016; Fiege et al. 2018). Most studies focus on dissolution experiments 
representing stoichiometric dissolution of columbite-(Mn) and tantalite-(Mn). However, 
if solubility is governed by a solubility product, the concentrations of the principle 
components need not be in stoichiometric proportions. The solubility product (e.g. Ksp
tan 
= [MnO] × [Ta2O5]) can be considered as the product of the concentrations of a fluid 
mobile element [MnO] and a fluid immobile element [Ta2O5]. Elements such as 
manganese, iron, sodium, calcium and tin can be classified as fluid mobile elements due 
to their high fluid-melt partition coefficients (Zajacz et al. 2008) and high field strength 
elements (HFSEs) such as niobium and tantalum can be classified as immobile due to 
their extremely low fluid-melt partition coefficients unless the pH of the fluid is 
extremely acidic (Borodulin et al. 2009; Timofeev et al. 2017).  
These studies have also shown that the niobium and tantalum concentrations at 
columbite-(Mn) and tantalite-(Mn) saturation in flux-rich pegmatite melts are typically 
higher than natural concentrations of niobium and tantalum in these types of melts. 
Concentrations for natural samples reported in the literature are 47 ppm niobium and 27 
ppm tantalum in Macusani Obsidian (Pichavant et al. 1987); 130 ppm niobium and 300 
ppm tantalum as an average of 13 whole rock analyses from the fringe granite facies from 
Beauvoir granite (Cuney et al. 1992); 92 ppm niobium and 150 ppm tantalum from whole 
rock analyses from the Greenbushes pegmatite (Bettenay et al. 1985); 8 – 238 ppm 
niobium and up to 521 ppm tantalum in melt inclusions from the Ehrenfriedersdorf 
pegmatite (Webster et al. 1997); 76 – 190 ppm niobium and 104 – 561 ppm tantalum in 
melt inclusions from the Mt. Malosa granites and pegmatites (Zajacz et al. 2008). These 
concentrations vary dramatically due do their method of determination (whole rock 
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analyses versus melt inclusions), their trapping temperature for melt inclusions, and their 
host rock type (granite versus pegmatite versus obsidian), but concentrations are typically 
less than 250 ppm and 600 ppm for niobium and tantalum respectively. This implies that 
either high concentrations of fluid mobile cations (e.g. manganese, iron) are necessary in 
the melt, or very low temperatures e.g. 400 °C are necessary to cause the melt to reach 
saturation in either columbite-(Mn) or tantalite-(Mn). Ercit (1986) determined that at the 
Tanco pegmatite (MB, Canada), the same process must have crystallized all niobium and 
tantalum oxide minerals because the changes in mineral chemistry between units is 
continuous, and there is no change in geochemical signatures. Linnen & Keppler (1997) 
showed this is due to tantalite being more soluble than columbite. Ercit (1986) also notes 
that the Mn/(Mn+Fe) increases across species from earlier to later zones, and this is 
interpreted to be due to silicate mineral crystallization leading to manganese melt 
enrichment (Van Lichtervelde et al. 2007). Studies such as Van Lichtervelde et al. (2007) 
on the Tanco pegmatite have concluded that rare metal crystallization is due to primary 
magmatic processes or secondary metasomatism from a late reactive melt. Another 
possibility is the crystallization of niobium/tantalum minerals near edges of the 
pegmatite, or in boundary layers. This is due to the slow diffusivity of niobium and 
tantalum, leading to increased concentration after crystallization of other mineral phases 
due to rapid cooling at these boundary layers (London 2008). However, the interaction of 
a fluid rich in mobile elements (e.g. manganese, calcium) with a pegmatite melt rich in 
immobile HFSEs (e.g. tantalum, niobium) is another potential mechanism for 
crystallization of rare metal ore minerals.  
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Granitic pegmatite melts are typically rich in water and example studies of this 
are melt inclusions from Erzgebirge, Germany, which have water concentrations up to 55 
wt% (Thomas et al. 2005), and melt inclusions from Ehrenfriedersdorf, Zinnwald, 
Königshain, Malkhan, and Tanco have a critical water concentration of 26.5% ± 1.5% 
and critical temperatures between 710 °C and 760 °C, where silicate melt changes to a 
fluid-rich melt (Thomas & Davidson 2015). Water content is extremely important for 
pegmatite melts as McKenzie (1985) showed that viscosities less than 100 Pa·s are 
required for pegmatite melts to gravitationally separate from their parent granite crystal 
mush, and that this is due to high flux concentrations such as water. Therefore, excess 
fluid must be present and interacting with the melt. Recent studies on melt inclusions 
from pegmatites have indicated that two immiscible silicate melts coexist, one peralkaline 
and one peraluminous in composition, commonly in the presence of an aqueous fluid 
(e.g. Thomas et al. 2006; Thomas et al. 2011). Thomas & Davidson (2016) also 
concluded that pegmatite formation may begin to occur in the supercritical fluid stage at 
high temperature (between 850 °C and 700 °C). Studies on natural pegmatites or granites 
such as Tanco, Canada; Greenbushes, Australia; Cínovec/Zinnwald, Czech Republic, and 
Dajishan, Southeastern China; have all identified hydrothermal processes present during 
crystallization of the associated pegmatites or granites and crystallization of 
tantalum/niobium-rich zones (Černý 2005; Partington et al. 1995; Breiter et al. 2017; and 
Wu et al. 2017). The effect of hydrothermal fluids (or magmatic volatile phases, MVPs) 
on silicate melts has been highly studied, such as the derivation of post-magmatic 
hydrothermal ore deposits (e.g. Holland 1972); investigations of hydrogen-alkali 
exchange between brines, vapours, and melts (e.g. Williams et al. 1997); determining the 
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validity of coexisting fluid/melt inclusion measurements using synthetic fluid inclusions 
in melts (e.g. Student & Bodnar 1999); and investigation into the magmatic-hydrothermal 
transition in pegmatites (e.g. Gammel & Nabelek 2016). There have been few studies on 
their application to rare metal mineral crystallization. Tantalum and niobium fluid-melt 
partition coefficients, DTa/Nb
fluid-melt are typically much less than 1 at near neutral pH 
conditions (Borodulin et al. 2009; Timofeev et al. 2017), indicating that tantalum does 
not preferentially partition into a fluid phase at the near neutral pH conditions necessary 
for pegmatite forming conditions, where feldspars are stable. Chloride fluids complex ore 
metals typically found in magmatic systems such as iron, manganese and tin (Webster & 
Holloway 1988). Anderson et al. (2001) investigated primary fluid inclusions from the 
Tanco pegmatite and determined that manganese and iron were present at varying 
concentrations depending on the fluid inclusion analyzed. Coexisting fluid-melt 
inclusions from the Ehrenfriedersdorf pegmatite have reported that fluid-melt partition 
coefficients for manganese and iron are 2.3 and 2.73 respectively, making them 
moderately mobile (Zajacz et al. 2008). In brines with chlorine concentrations between 7 
and 14 mol/kg, the fluid-melt partition coefficients for manganese and iron are generally 
above 10, making them highly mobile (Zajacz et al. 2008). The fluid would provide the 
necessary concentration of manganese to the melt and result in the crystallization of 
tantalite-(Mn) or columbite-(Mn). This study was designed to test the feasibility of this 
means of crystallization for columbite-(Mn), tantalite-(Mn), microlite and pyrochlore. 
Initial experiments only look at columbite-(Mn) crystallization but will provide a proof of 
concept for the other mineral phases. Tantalite-(Mn), microlite and pyrochlore 
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experiments were attempted but were unsuccessful in crystallizing their respective 
mineral phases.  
5.2 Experimental procedure 
5.2.1 Starting glass 
The procedure for designing and making the starting anhydrous haplogranitic 
glass (PEGA) is described in McNeil (2018, Chapter 3). Batches of glasses were doped 
with 5000 ppm or 1000 ppm niobium or tantalum by adding the desired amount of Nb2O5 
or Ta2O5 to approximately 350 mg anhydrous PEGA glass and mixing by hand under 
acetone in an agate mortar for approximately 30 minutes to ensure homogeneity. The 
mixtures were sealed in clean and annealed gold capsules (length 30, i.d. 4.8, o.d. 5.0 
mm), along with approximately 35 µL NanopureTM water (resistivity = 18.2 MΩ) to 
hydrate the glasses and run in cold seal pressure vessels (CSPVs) for seven days at 850 
°C and 200 MPa. The starting glasses were designed to be water undersaturated based on 
data from Holtz et al. (1993) which indicates that flux-rich melts can contain up to 
approximately 10 wt% water at 200 MPa. Therefore, the experiments would first reach 
saturation upon the addition of the hydrothermal fluid to the glass. Capsules were 
weighed to ensure no loss during the experiment due to holes in the capsule wall. 
Capsules were then opened and glasses ground under acetone for another 30 minutes with 
a witness chip saved for analysis. The compositions of the final doped hydrous glasses 
are given in Table 5-1. 
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Table 5-1: Starting glass compositions. 
 
5.2.2 Starting hydrothermal fluid 
The composition of the hydrothermal fluid was designed to contain similar ratios 
of the alkalis present in the anhydrous starting glass (2:1 Na:K) so that the alkali ratio of 
the melt will be close to equilibrium. Varying amounts of CaCl2 or MnCl2 were added 
depending on the experiment. The stock fluid used contained NaCl + KCl and not HCl as 
Frank et al. (2003) showed that HCl alters the alumina saturation index (ASI) of the melt 
by removing sodium and adding potassium. The desired concentrations of manganese and 
calcium for solutions were either 1000 ppm or 1% Mn as MnCl2, or 400 ppm or 0.4% Ca 
as CaCl2, respectively. Starting chlorides were purchased from Alfa Aesar with purities 
Oxides NBD-1000ppm (wt%) TAD-1000ppm (wt%) NBD-5000ppm (wt%) TAD-5000ppm (wt%)
SiO2 61.64 (±1.05)
a 60.04 (±1.11)a 59.96 (±0.63)a 60.47 (±0.96)a
Al2O3 16.87 (±0.58)
a 16.69 (±0.54)a 16.72 (±0.48)a 16.63(±0.45)a
K2O 4.19 (±0.16)
a 4.14 (±0.15)a 4.08 (±0.12)a 4.07 (±0.10)a
Na2O 7.78 (±0.58)
a 7.47 (±0.48)a 7.31 (±0.39)a 7.30 (±0.43)a
P2O5 1.61 (±0.38)
a 1.57 (±0.17)a 1.56 (±0.21)a 1.56 (±0.26)a
Nb2O5 0.14 (±0.03)
a
- 0.73 (±0.18)
a
-
Ta2O5 - 0.16 (±0.09)
a
- 0.67 (±0.07)
a
F 0.95 (±0.18)a 0.87 (±0.28)a 0.91 (±0.27)a 0.92 (±0.28)a
B2O3 2.36 (±0.06)
b 2.36 (±0.06)b 2.36 (±0.06)b 2.36 (±0.06)b
Li2O 1.05 (±0.04)
b 1.05 (±0.04)b 1.05 (±0.04)b 1.05 (±0.04)b
2F=O -0.40 -0.37 -0.38 -0.39
Total 96.05 93.98 94.30 94.64
H2O (by 
difference)
3.95 6.02 5.70 5.36
ASI 0.97 1.00 1.02 1.01
ASILi 0.81 0.82 0.83 0.83
3σ standard deviation is given in parentheses
ASI molar ratio of Al/(Na + K)       ASILi molar ratio of Al/(Na + K + Li)
a Measured by EPMA
b Measured by Actlabs using ICP-MS from initial PEGA glass
2F=O represents the fluorine oxygen equivalent for oxide calculations
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of: NaCl – 99.998%; KCl – 99.997%; CaCl2 – 99.99%; and MnCl2 – 99.99%. A stock 
solution of approximately 6% NaCl + KCl was made by measuring out the necessary 
amounts of NaCl and KCl and heating them in a drying oven at 150 °C for 1 hour to 
ensure any absorbed water was removed. The NaCl and KCl was then added to the 
desired amount of ultrapure Q-POD® Element water (resistivity = 18.2 MΩ). Q-POD® 
Element water was obtained from the GEOMETRIC Laboratory at Western University 
and in this system, is water than has been run through a Milli-Q® Advantage 10 Integral 
water purification system with a Q-POD® Element unit which removes any trace 
impurities such as metals or bacteria to the ppt level. The NaCl + KCl mixture was stirred 
for 30 minutes to ensure complete dissolution and homogeneity. This stock solution was 
then used to make fluids for experiments by adding the desired amount of MnCl2 or 
CaCl2 to small batches of stock solution and mixing the solution for 15 minutes to 
achieve the desired concentrations. The MnCl2 and CaCl2 were purchased ultradry and 
ampouled under argon. These chlorides were added to the stock solution immediately 
after opening the ampoules to ensure no absorbed water influenced the weight of the 
measured chlorides. Samples were analyzed by inductively coupled plasma mass 
spectrometry (ICP-MS) at the Analytical Services Laboratory in the Western University 
Biotron Experimental Climate Change Research facility in London, Ontario, Canada. 
Samples were diluted and then filtered (0.45 um) and analyzed directly on an Agilent 
7700x quadrupole ICP-MS using the helium collision cell and calibrated to aqueous 
standards in 2% nitric acid. Concentrations of the solutions are given in Table 5-2.  
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Table 5-2: Composition of starting hydrothermal fluids. Errors reported are 1σ of 
three analyses per fluid. 
 
5.2.3 Fluid – melt experiments 
Gold tubing for capsules (o.d. 2.9 mm, i.d. 2.6 mm, 15 mm length) were cleaned 
by boiling in 38% HCl diluted 5:1 with deionized water, and then cleaned with acetone to 
remove any organic residue. Tubing was then annealed at 600 °C for 15 minutes to soften 
the gold for sealing and welding. Bottoms of the capsules were welded, and then the 
capsules were filled with 10 µL desired hydrothermal fluid and 20 mg niobium or 
tantalum doped hydrous PEGA glass. A 2:1 glass to fluid mass ratio was chosen to 
minimize the change in melt composition from interaction with the hydrothermal fluid 
(e.g. alkali loss to the fluid). The capsules were then sealed using a micro-spot arc welder 
and placed in an oven at 110 °C for 20 minutes to check for leaks. Any capsule exhibiting 
weight loss after heating was discarded. Sealed capsules were then placed in rapid quench 
CSPVs at 650 °C - 800 °C and 200 MPa for 5 days. After 5 days the experiments were 
rapidly quenched and removed from the CSPVs. The capsules were then re-weighed to 
ensure no weight loss over the duration of the experiment and opened, and the glass chips 
were broken into two or more pieces, with the larger of the pieces made into epoxy 
mounts for analysis by scanning electron microscope (SEM), electron probe 
Compound 1% Mn fluid (wt%) 0.4% Ca fluid (wt%) 0.1% Mn fluid (wt%) 0.04% Ca fluid (wt%)
Mn (as MnCl2) 1.01 ± 0.08 (2.32 ± 0.17 ) - 0.092 ± 0.002 (0.210 ± 0.005) -
Ca (as CaCl2) - 0.42 ± 0.002 (1.17 ± 0.01) - 0.042 ± 0.002 (0.100 ± 0.007)
NaCl 3.60 ± 0.25 3.40 ± 0.01 3.48 ± 0.07 3.48 ± 0.04
KCl 2.19 ± 0.18 2.10 ± 0.01 2.13 ± 0.03 2.13 ± 0.04
H2O (calculated 
by difference)
91.89 93.33 94.18 94.29
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microanalysis (EPMA), Raman spectroscopy and Secondary Ion Mass Spectrometry 
(SIMS), and the smaller pieces saved as witness chips.  
5.3 Analytical methods 
5.3.1 Micro X-ray diffraction 
Select experiments were analyzed by μXRD in the Department of Earth Sciences 
at Western University using a Bruker D8 Discover microdiffractometer (see Flemming 
2007) with a Co Kα X-ray source (λ = 1.78897 Å) at 35 kV and 45 mA. A Göbel mirror 
parallel optics system was used with a 300 μm pinhole snout. The theta-theta instrument 
allowed samples to remain stationary and horizontal while the source and detector were 
set to the desired θ1+θ2=2θ, where θ1≠θ2 in omega scan mode. Omega scan parameters 
utilized were θ1=14.5°, θ2=22°, ω=10°, 20-minute duration for frame one, and θ1=35.5°, 
θ2=40°, ω=18°, 35-minute duration for frame two.  Omega scans allow for more 
reflections to be collected as the detector and source move throughout the scan, instead of 
the need for the sample to rotate. Results were then processed from General Area 
Detector Diffraction System (GADDS) images using DIFFRAC PLUS™ Evaluation 
software (EVA). Phases were confirmed using the International Centre for Diffraction 
Data Powder-Diffraction File (ICDD PDF4+ 2016) database.  
5.3.2 Electron probe microanalysis 
Major and trace elements of run products and starting glasses were analyzed using 
a JEOL JXA-8530F field-emission electron microprobe at the Earth and Planetary 
Materials Analysis Laboratory at Western University. Probe conditions for experiment 
glass analyses were 20 kV accelerating voltage and 2 nA current using wavelength-
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dispersive spectroscopy (WDS) detectors, with a beam size of ~20 µm in order to prevent 
sodium migration and water loss during analyses as described in Morgan & London 
(1996). Analysis counting times were 30 seconds on peak positions and 15 seconds on 
each upper and lower background for major elements (Si, Na, Al, K, F, P) and 60 seconds 
on peak positions and 30 seconds on backgrounds for trace elements (Nb, Ta, Mn, Ca, 
Cl).  Mineral calibration standards used were pure tantalum wire for Ta (99.996%, Alfa 
Aesar, USA); pure manganese for Mn (99.99%, Johnson Matthey Chemicals, UK); pure 
niobium wire for Nb (99.96%, Alfa Aesar, USA); Amelia albite for Na; synthetic fluorite 
for F; synthetic fluorite or basaltic glass (Smithsonian USNM 113498/1 VG-A99 - Juan 
de Fuca Ridge) for Ca, depending on concentration; rhyolite glass for Si and K 
(Smithsonian USNM 72854 VG-568 - Yellowstone National Park, WY); apatite for P 
(Wilberforce, Ontario, Canada); sodalite for Cl (Geller MicroAnalytical); and Patino 
glass 3 for Al (Patino-Douce et al. 1994). Due to the low concentration of niobium and 
tantalum in starting glasses, a two-step analysis method was used. Major elements were 
first analyzed using the conditions described above, and then niobium and tantalum were 
analyzed at 15 kV accelerating voltage and 20 nA current, with a beam size of ~20 µm 
using WDS detectors. Analysis counting times were 60 seconds on peak positions and 30 
seconds on each upper and lower background. Mineral calibration standards used for 
these analyses were pure tantalum wire for Ta (99.996%, Alfa Aesar, USA) and pure 
niobium wire for Nb (99.96%, Alfa Aesar, USA). Analysis of niobium and tantalum 
using this two-step method yielded the same average concentration but with enhanced 
precision compared to analysis using the first, original low probe current conditions, and 
analyses of all experiment run products were completed using the single-step analysis 
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method. Columbite-(Mn) in successful experiments was analyzed to confirm mineral 
chemistry and conditions used were 15 kV accelerating voltage and 20 nA current with 
an ~1 µm beam using WDS detectors. Mineral calibration standards used were pure 
niobium wire for Nb (99.96% Alfa Aesar, USA) and pure manganese for Mn (99.99%, 
Johnson Matthey Chemicals, UK). As the grains were very small (≤ 1 µm), Si and P were 
analyzed for to determine the amount of glass interference in the analysis. Crystals 
assumed to be microlite were too small for quantitative WDS analysis and phase was 
qualitatively identified by energy-dispersive spectroscopy (EDS) with background 
subtraction of glass components. Errors on starting glass analyses are reported in Table 5-
1 and errors on experiment glass analyses are reported in Tables 5-3 and 5-4. Complete 
results of all experiments are provided in Appendix O, along with columbite-(Mn) 
analyses of successful experiments and feldspar analyses in SMn1Nb5000-675. Back 
scattered electron (BSE) images were taken using the SEM on the microprobe.  
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Table 5-3: Glass analyses of fluid-melt experiments that crystallized rare metal 
oxide phases. All niobium experiments crystallized columbite-(Mn) and lithiophilite, 
plus anorthoclase below 700 °C, and the tantalum experiment crystallized what is 
assumed to be microlite, and lithiophilite and anorthoclase.   
 
 
 
 
Oxides SMn1Nb5000-700 SMn1Nb5000-675 SMn1Nb5000-650 SMn1Ta5000-650 
SiO2 59.32(±0.81)
a 60.91 (±1.42)a 59.43(±1.35)a 59.94(±1.34)a
Al2O3 16.67 (±0.52)
a 16.33 (±0.67)a 15.80 (±0.82)a 15.86 (±0.55)a
K2O 4.06 (±0.19)
a 3.90 (±0.15)a 3.95 (±0.85)a 3.81 (±0.15)a
Na2O 6.69 (±1.34)
a 6.72 (±0.44)a 6.28 (±0.73)a 6.34 (±0.50)a
P2O5 1.28 (±0.22)
a 1.21 (±0.52)a 1.08 (±0.77)a 1.02 (±0.79)a
Ta2O5 - - - 0.94 (±0.41)
a
Nb2O5 0.58 (±0.18)
a 0.54 (±0.21)a 0.56 (±0.18)a -
MnO 0.39 (±0.10)a 0.25 (±0.20)a 0.21 (±0.07)a 0.26 (±0.22)a
CaO - - - BDLa
Cl 0.16 (±0.03)a 0.14 (±0.18)a 0.11(±0.03)a 0.14 (±0.25)a
F 0.79 (±0.32)a 1.21 (±0.28)a 1.33 (±0.37)a 1.30 (±0.34)a
B2O3 1.42 (±0.06)
b 1.82 (±0.12)b 1.91 (±0.06)b 1.94 (±0.15)b
Li2O 0.82 (±0.21)
b 0.77 (±0.24)b 0.71 (±0.09)b 0.67 (±0.15)b
2Cl=O -0.04 -0.03 -0.04 -0.06
2F=O -0.33 -0.51 -0.56 -0.55
Total 91.81 93.26 91.00 91.63
H2O (by difference) 8.19 6.74 9.00 8.37
ASI  1.08 1.07 1.08 1.09
ASILi 0.92 0.91 0.93 0.94
LogKsp -2.92 -3.15 -3.21 -4.71
Error on LogKsp 0.06 0.12 0.06 0.06
Number of spots 
analyzed by EPMA
20 20 17 18
a Measured by EPMA
3σ standard deviation is given in parentheses
ASI molar ratio of Al/(Na + K)       ASILi molar ratio of Al/(Na + K + Li)       BDL = Below Detection Limit
b Average of 4-6 spots as measured by SIMS
2Cl=O and 2F=O represents the chlorine and fluorine oxygen equivalents for oxide calculations respectively 
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Table 5-4: Glass analyses of fluid-melt experiments that did not crystallize rare 
metal oxide phases. All calcium experiments crystallized apatite, and experiment 
SMn1Ta5000-700 crystallized lithiophilite. Experiments SMn1000Nb1000-800 and 
SMn1000Ta1000-800 did not crystallize any phases.   
 
5.3.3 Raman spectroscopy 
Raman spectroscopy was used to identify the manganese phosphate mineral that 
crystallized in all manganese fluid experiments below 800 °C as determined by SEM-
EDS. The mineral phase was believed to be lithiophilite, as this mineral was present in 
experiments in McNeil (2018, Chapters 3 and 4). Raman analyses were completed at 
Surface Science Western in London, Ontario, Canada on a Renishaw inVia Reflex 
Oxides
SCa1000Nb1000-
800 (wt%)
SCa1000Ta1000-
800 (wt%)
SMn1000Nb1000-
800 (wt%)
SMn1000Ta1000-
800 (wt%)
SMn1Ta5000-
700 (wt%)
SCa1Ta5000-
700 (wt%)
SCa1Nb5000-
700 (wt%)
SiO2 59.41 (±1.00)
a 58.30 (±0.95)a 59.35 (±0.85)a 59.26 (±1.30)a 60.75 (±1.24)a 61.10 (±1.37)a 60.03 (±0.81)a
Al2O3 16.58 (±0.54)
a 16.44 (±0.59)a 16.80 (±0.47)a 16.77 (±0.51)a 17.09 (±0.56)a 17.11 (±0.49)a 16.89 (±0.54)a
K2O 4.20 (±0.14)
a 4.18 (±0.16)a 4.19 (±0.14)a 4.21 (±0.17)a 4.10 (±0.14)a 4.07 (±0.15)a 4.02 (±0.16)a
Na2O 7.20 (±0.51)
a 7.14 (±0.37)a 7.24 (±0.43)a 7.30 (±0.46)a 6.94 (±0.49)a 6.82 (±0.38)a 6.77 (±0.40)a
P2O5 1.43 (±0.24)
a 1.47 (±0.20)a 1.46 (±0.17)a 1.46 (±0.19)a 1.21 (±0.50)a 1.02 (±0.38)a 0.99 (±0.35)a
Ta2O5 - 0.14 (±0.16)
a - 0.16 (±0.14)a 0.62 (±0.17)a 0.64 (±0.18)a -
Nb2O5 0.14 (±0.10)
a - 0.14 (±0.13)a - - - 0.73 (±0.16)a
CaO 0.05 (±0.02)a 0.05 (±0.03)a - - - 0.12 (±0.28)a 0.11 (±0.20)a
MnO - - 0.06 (±0.04)a 0.06 (±0.04)a 0.43 (±0.42)a - -
Cl 0.25 (±0.04)a 0.22 (±0.02)a 0.25 (±0.04)a 0.22 (±0.04)a 0.15 (±0.03)a 0.15 (±0.03)a 0.16 (±0.05)a
F 0.81 (±0.31)a 0.83 (±0.26)a 0.81 (±0.26)a 0.81 (±0.29)a 0.85 (±0.38)a 0.75 (±0.20)a 0.78 (±0.23)a
B2O3 2.36 (±0.06)
b 2.36 (±0.06)b 2.36 (±0.06)b 2.36 (±0.06)b 1.39 (±0.09)c 2.36 (±0.06)b 2.36 (±0.06)b
Li2O 1.05 (±0.04)
b 1.05 (±0.04)b 1.05 (±0.04)b 1.05 (±0.04)b 0.77 (±0.15)c 1.05 (±0.04)b 1.05 (±0.04)b
2Cl=O -0.06 -0.05 -0.06 -0.05 -0.03 -0.03 -0.04
2F=O -0.34 -0.35 -0.34 -0.34 -0.36 -0.32 -0.33
Total 93.08 91.78 93.31 93.27 93.91 94.84 93.52
H2O (by 
difference)
6.92 8.22 6.69 6.73 6.09 5.16 6.48
ASI 1.01 1.01 1.02 1.01 1.08 1.10 1.09
ASILi 0.83 0.83 0.84 0.83 0.92 0.89 0.89
Number of spots 
analyzed by EPMA
20 20 20 20 20 20 20
a Measured by EPMA
3σ standard deviation is given in parentheses
ASI molar ratio of Al/(Na + K)      ASILi molar ratio of Al/(Na + K + Li)
b Measured by Actlabs using ICP-MS from initial PEGA glass
c Average of 6 spots as measured by SIMS
2Cl=O and 2F=O represents the chlorine and fluorine oxygen equivalents for oxide calculations respectively
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Raman Spectrometer using a 514 nm laser, 1800 I/mm grating, 8 milliwatts power and 
50x microscope objective. Spectra of tantalite-(Mn) and glass were collected for previous 
experiments to determine the influence of these phases on the unknown phosphate 
mineral spectra. Spectra of columbite-(Mn) were also collected in successful fluid 
experiments to confirm columbite-(Mn) crystallization. Phase ID was determined by 
comparison to reference spectra in the RRuff database. Phosphate mineral and glass 
spectra were collected at 100% power for 10 seconds, tantalite-(Mn) spectra were 
collected at 50% power for 1 second and columbite-(Mn) at 100% power for 5 seconds 
due to the intense signal produced by tantalite-(Mn) and columbite-(Mn) crystals.   
5.3.4 Secondary ion mass spectrometry 
Secondary ion mass spectrometry (SIMS) analyses of lithium and boron were 
completed at the Manitoba Institute for Materials (MIM), University of Manitoba, on a 
Cameca IMS 7f secondary ion mass spectrometer. The crystallization of lithiophilite and 
anorthoclase in experiments affected the lithium and boron concentrations so that the 
assumption that these concentrations are nearly identical to that of the starting glass is no 
longer valid. Knowing the concentration of lithium in the experiments is necessary for the 
calculation of ASILi (which affects columbite-(Mn) solubility) and an accurate 
understanding of experiment properties and solubilities. Lithium and boron 
concentrations were calculated by determining their abundance relative to silicon, which 
is known from EPMA analysis of the sample. Prior to SIMS analyses, the sample and 
standards were cleaned by submersing the samples in an ultrasonic cleaner for four 
separate cleaning stages. The duration of each stage was ten minutes. The liquid the 
sample was submersed in for each stage was: dilute soap solution, tap water, distilled 
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water, and ethanol. After this process samples and standards were gold coated to ensure a 
conductive surface. A +2 nA primary beam of O- ions was accelerated at -12.5 kV and 
focused to a ~15 µm spot. To help shape the beam, a 750 µm aperture was used in the 
primary column. The sample was held at +10 kV with a 0 V sample offset, and a mass 
resolving power of 1000 was determined from Burdo & Morrison (1971) and used to 
resolve isobaric interferences. The detector is a ETP 133H electron multiplier and 
analysis of 6Li+, 10B+, 30Si+ was conducted over 30 cycles with 1 second of detection for 
each isotope per cycle. A 20 second pre-sputter was used to remove the gold coating and 
allow the secondary ion signal to stabilize on the chosen spot before analysis. Accurate 
analysis depends on having standard calibration in similar material to the sample being 
analyzed.  Due to an unnatural 7Li/6Li ratio of approximately 40 in the starting LiPO4 
reagent (Qi et al. 1997), a one standard calibration of PEGA starting material was used, 
as other glass standards have a natural ratio of approximately 12 (Choi et al. 2013) and 
are not suitable to use for calibration. Boron standards used for calibration were NIST 
SRM 610 (Pearce et al. 1997) and PEGA from this study. Calibration curves for boron 
and standard analyses are given in Appendix P along with SIMS data.  
5.4 Results 
5.4.1 Calculating solubility products 
Solubility products for columbite-(Mn) have been described in many previous 
studies such as Keppler (1993), Linnen & Keppler (1997), Bartels et al. (2010) and Aseri 
et al. (2015), and previously in McNeil (2018, Chapter 3). The solubility products for 
pure end member columbite-(Mn) and charge-balanced end member microlite 
[NaCaTa2O6(O,OH,F)] (Atencio et al. 2010) are: 
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Equation 5.1 columbite: Ksp
MnNb (
mol2
kg2
) = XMnO (
mol
kg
) × XNb2O5 (
mol
kg
) 
 Equation 5.2 microlite: Ksp
NaCaTa (
mol3
kg3
)
= XNaO0.5 (
mol
kg
) × XCaO (
mol
kg
) × XTa2O5 (
mol
kg
) 
Where X represents the molar concentration of the respective mineral or compound in the 
melt. Activities for pure solid phases are unity and are not included in the above 
equations. For microlite, the additional (OH,F) term would likely not affect the solubility 
of the mineral because the water and fluorine contents of the experiments do not vary, 
and it can be treated as a constant. Therefore, the solubility products are valid for melts 
that are similarly hydrous and contain fluorine. Also, water and fluorine concentrations in 
melts have been shown to not affect the solubility of tantalite-(Mn) and columbite-(Mn) 
in previous studies (Linnen 2005; Bartels et al. 2010; Fiege et al. 2011; Aseri et al. 
2015). Therefore, this term has not been included in the solubility equation above.  
In McNeil (2018, Chapters 3 and 4), when natural, non-end member composition 
minerals were used in dissolution experiments, the activity of the crystalline phase was 
no longer unity. Therefore, assuming ideal mixing, the activity of the end member 
component in the solid solution could be approximated as the product of the mole 
fractions (X) of the end member cations raised to the power of the number of 
crystallographic sites over which they mix (Wood & Fraser 1977). In this study, the exact 
composition of the crystallized microlite is unknown because of the absence of grains 
large enough for analysis by electron microprobe. Due to this, it is impossible to 
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determine an exact value for solubility, and solubility has been approximated using the 
pure charge-balanced end member composition solubility product formula (Equation 
5.2).  
McNeil (2018, Chapters 3 and 4) also reported solubility as the partition 
coefficient (D) between the mineral and the melt as previously described by Watson & 
Harrison (1983). Calculating solubility as a partition coefficient only considers the 
concentration of either niobium or tantalum in the mineral and concentration in the melt, 
it does not consider the concentration of manganese or calcium. Therefore, this method of 
calculation for this study cannot be compared to previous results as the concentration of 
niobium or tantalum in the melt is not representative of stoichiometric dissolution 
concentrations of columbite-(Mn) and microlite at respective temperatures. The 
concentration of manganese or calcium in the fluid is varied to reach saturation at lower 
niobium and tantalum melt concentrations. This results in the crystallization of the 
desired minerals as Ksp is constant despite non-stoichiometric melt concentrations of 
manganese and niobium.  
5.4.2 Run products 
5.4.2.1 Experiments that did not crystallize rare metal oxide 
phases 
Seven experiments did not crystallize any rare metal oxide phases and the EPMA 
and SIMS results of these experiments are reported in Table 5-4. Appendix Q contains 
BSE images of all the experiments and the location of the EPMA analysis points. Four of 
the seven experiments were completed at 800 °C and 200 MPa for 5 days, two of which 
had fluid concentrations of approximately 400 ppm calcium and starting glass 
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compositions of approximately 1000 ppm of either niobium or tantalum, and the other 
two had fluid concentrations of approximately 1000 ppm manganese with the same 
starting glass compositions. The two experiments containing the manganese fluid did not 
crystallize any minerals, and the two experiments containing the calcium fluid 
crystallized very small amounts of apatite as identified by SEM-EDS. The lack of 
crystallization at high temperature (800 °C) is consistent with the interpretation that 
pegmatites crystallize at lower temperature (e.g. London 1986; Sirbescu & Nabelek 2003; 
Nabelek et al. 2010).  
The other three experiments were completed at 700 °C and 200 MPa with an 
experiment duration of 5 days. One of these experiments (SMn1Ta5000-700) contained 
an approximately 1 wt% manganese starting fluid and a starting glass concentration of 
approximately 5000 ppm tantalum. The only mineral that crystallized from this 
experiment was lithiophilite as identified by Raman spectroscopy. Two other experiments 
were completed using a 0.4 wt% Ca fluid and an approximately 5000 ppm niobium or 
tantalum starting glass. The only mineral phase that crystallized from these experiments 
was apatite as identified by SEM-EDS. No microlite or pyrochlore was present in any 
experiments that contained the CaCl2 fluid. This is again consistent with the idea that 
pegmatites crystallize at lower temperatures.  
The apatite present in all experiments was identified by SEM-EDS and an 
example spectrum and BSE image is given in Figure 5-1. The apatite crystals range in 
size from approximately 1 to 10 µm in length and are typically observed parallel to the c 
axis, with larger crystals predominant in the 700 °C experiments. Preliminary 
identification of a manganese phosphate phase was determined by SEM-EDS and mineral 
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identification as lithiophilite [LiMnPO4] was determined by Raman spectroscopy. 
Lithiophilite was the expected phase as it was present in experiments in McNeil (2018, 
Chapters 3 and 4). Lithiophilite grains range in size from approximately 1 to 5 µm and 
are typically observed as equant crystals. Raman spectra of lithiophilite from this study 
and reference spectra from the RRUFF database are provided in Appendix R. µXRD of 
the experiment containing lithiophilite and glass did not contain any peaks, indicating 
that the lithiophilite grains were too small, or too few for analysis by this method.  
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Figure 5-1: BSE image of apatite and corresponding SEM-EDS spectra (large 
apatite spot 1 and smaller apatite spot 2) in experiment SCa1Nb5000-700 (0.4 wt% 
Ca fluid, 5000 ppm Nb glass, 700 °C, 200 MPa, 5 days). White scale bar is 10 µm. 
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5.4.2.2 Experiments that crystallized columbite-(Mn) 
The chemical composition of the experiment glasses as determined by EPMA and 
SIMS for all experiments that crystallized a rare metal oxide phase are reported in Table 
5-3 and are reported as an average of 17-20 glass analyses per experiment for EPMA 
data, and an average of 4-6 analyses for SIMS data. Appendix O contains EPMA glass 
and mineral analyses for all experiments. Errors reported are 3σ standard deviation of the 
number of spots analyzed. Appendix Q contains BSE images of EPMA glass analysis 
spots for all samples. Three of the eleven total experiments completed crystallized 
columbite-(Mn) at temperatures of 700 °C, 675 °C and 650 °C, 200 MPa, experiment 
duration of 5 days, fluid concentration of 1 wt% manganese as MnCl2 and niobium 
starting glass concentration of 5000 ppm. These experiments were expected to be 
successful based on calculated solubilities of columbite-(Mn) from McNeil (2018, 
Chapter 3). All experiments completed at temperatures below 700 °C crystallized a single 
feldspar, determined to be anorthoclase (average chemical formula 
Na0.62K0.36Al1.04Si2.97O8) by µXRD and EPMA. The XRD pattern is given in Figure 5-2, 
and the EPMA data is given in Appendix O. These experiments also crystallized the 
mineral lithiophilite as determined by Raman spectroscopy (Appendix R). Example 
mineral phases are shown in Figure 5-3. The presence of anorthoclase and lithiophilite in 
experiment run products changes the lithium and boron content of the glass and requires 
analysis of Li2O and B2O3 to determine accurate ASILi values and B2O3 concentrations to 
determine flux effect, respectively. The concentrations of Li2O and B2O3 in all 
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experiments are less than the concentrations in the starting glasses (1.05 and 2.36 wt% 
respectively, Table 5-3).  
Columbite-(Mn) where crystallized are long and thin laths less than 5 µm in 
length and less than 1 µm in width with most of the crystals approximately 1 µm long 
and less than 1 µm wide. Minor interference from the background glass was encountered 
during EPMA analyses of these crystals. EPMA totals (Nb2O5 + MnO) of 28 analyses of 
columbite-(Mn) from all three experiments range from approximately 80 – 97% with an 
average of 92%, and the chemical formula calculated from the average of the analyses is 
Mn1.00Nb2.00O6. Analyses are provided in Appendix O and confirm the mineral phase as 
Figure 5-2: XRD pattern of anorthoclase in experiment SMn1Ta5000-650 (1 wt% 
Mn fluid, 5000 ppm Ta glass at 650 °C, 200 MPa, 5 days). DIF patterns for the best 
matching phase is provided from ICDD PDF4+ 2016 database. 
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columbite-(Mn). Representative crystals were also analyzed by Raman spectroscopy to 
eliminate interference from columbite-(Mn) in lithiophilite patterns, due to columbite-
(Mn) having a large Raman signal. The Raman spectra for columbite-(Mn) are in close 
agreement with RRUFF database (http://rruff.info/) patterns for natural samples of 
columbite group minerals and spectra are provided in Appendix R. 
 
Figure 5-3: BSE image of part of experiment SMn1Nb5000-650 (1 wt% Mn fluid, 
5000 ppm Nb glass at 650 °C, 200  MPa, 5 days) with representative phases labelled 
columbite-(Mn) [col], lithiophilite [lth], anorthoclase [ano] and glass [gl]. 
Final ASI values of columbite-(Mn) experiments are more peraluminous 
(approximately ASI 1.08) compared to the starting glasses (ASI 1.02) due to interactions 
between the fluid and the melt. The crystallization of lithiophilite and fluid-melt 
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interactions also removes lithium from the melt, decreasing the ASILi value. Lithium has 
been shown to congruently dissolve into vapour from a melt (London et al. 1988), 
therefore some lithium was likely lost to the vapour during the experiments. Assuming 
the difference in phosphorus concentration between the starting glass and experiment 
represents the amount of lithiophilite that crystallized due to low fluid-melt partition 
coefficients for phosphorus (London et al. 1988), the amount of lithium that would have 
been removed due to lithiophilite crystallization in the experiment that crystallized 
columbite-(Mn) at 650 °C is 0.10 wt% Li2O. The actual difference in concentration 
between the starting glass and final experiment is 0.34 wt% Li2O. Therefore, lithium 
must have also been removed from the melt by the fluid phase. The average ASILi value 
calculated from SIMS analyses of lithium in successful experiments is 0.92 ± 0.03 (based 
on 1σ standard deviation), slightly higher than ASILi values of the starting glasses (0.83 ± 
0.01). The B2O3 values determined for successful experiments are lower than in McNeil 
(2018, Chapters 3 and 4), between 1.91 and 1.42 wt% B2O3, compared to 2.36 wt% B2O3 
respectively. Boron preferentially partitions into a fluid (vapor) phase when fluid/melt 
interactions occur (Pichavant & Manning 1984). Therefore, it can be inferred that boron 
was removed from the melt by the hydrothermal fluid.  
5.4.2.3 Experiment that crystallized microlite 
The tantalite-(Mn) crystallization experiment SMn1Ta5000-650 (5000 ppm 
tantalum starting glass and 1% manganese as MnCl2 fluid at 650 °C and 200 MPa) 
crystallized what is presumed to be trace amounts of nanometer-size microlite (Figure 5-
4), instead of tantalite-(Mn). As the crystals were too small to analyze by EPMA, µXRD 
or Raman spectroscopy (< 1 µm), crystals were interpreted from SEM-EDS spectra from 
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the elements present, after subtracting any minor peaks present from the glass 
background. As the element peaks match sodium, calcium, tantalum, and oxygen, and 
microlite was positively identified by EPMA crystallizing from tantalite-(Mn) and 
wodginite experiments in McNeil (2018, Chapter 3) (same glass composition), the 
mineral in this experiment is assumed to also be microlite. However, this microlite 
contains more calcium than the microlite in McNeil (2018, Chapter 3) as a calcium peak 
is present in the EDS spectrum, which was not present in McNeil (2018, Chapter 3). 
SEM-EDS spectra are given in Figure 5-4 for the mineral presumed to be microlite, and 
lithiophilite and glass. The calcium present in microlite is concentrated from trace 
impurities present in the glass (< 170 ppm) and fluid (< 22 ppm). The final ASI value of 
this experiment is also more peraluminous (ASI 1.09) than the starting glass (ASI 1.01) 
due to interactions between the fluid and the melt. As with the columbite-(Mn) 
experiments, this experiment crystallized anorthoclase (identified by µXRD and EPMA) 
and lithiophilite (identified by Raman spectroscopy), which effects the lithium and boron 
concentration of the resulting glass. The Li2O and B2O3 concentrations were analyzed by 
SIMS and are 0.66 and 1.90 wt% respectively, less than the values of the starting glass, 
approximately 1.05 and 2.36 wt% respectively. As with the columbite-(Mn) experiments, 
this is due to removal of lithium from the melt by lithiophilite crystallization and 
partitioning into the fluid phase (London et al. 1988) and removal of boron from 
preferential partitioning into the hydrothermal fluid (Pichavant & Manning 1984).  
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Figure 5-4: BSE image and SEM-EDS spectra of the mineral presumed to be 
microlite (spot 3), and lithiophilite (spot 1) and glass (spot 2) in experiment 
SMn1Ta5000-650 (1% Mn fluid, 5000 ppm Ta glass at 650 °C, 200 MPa, 5 days). 
White scale bar is 1 µm. 
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5.4.3 Solubility products 
Solubility products have been calculated for the four experiments that crystallized 
rare metal oxide minerals using Equations 5.1 and 5.2 and are provided in Table 5-3. 
Results for microlite and columbite-(Mn) crystallization experiments have been 
compared to the previous solubility experiments completed in McNeil (2018, Chapters 3 
and 4), and results from Aseri et al. (2015). Plots of logKsp vs 1000/T are given for 
microlite and columbite-(Mn) in Figures 5-5 and 5-6 respectively. The logKsp calculated 
for microlite in this study lies below the linear fit for the data in McNeil (2018, Chapter 
3). This is not unexpected because the chemical composition of the microlite used in 
McNeil (2018, Chapter 3) is known and the solubility can be accurately calculated for the 
Figure 5-5: logKsp vs T for successful experiment crystallizing microlite. ASI 1.0 
and 1.10 data from McNeil (2018, Chapters 3 and 4) are provided for comparison. 
Error bars are ± 1 σ and in some instances, are smaller than the data point. 
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end member composition. However, the microlite that crystallized during this experiment 
is too small for analysis by electron microprobe (< 1 µm) and the exact solubility cannot 
be calculated. An estimate of solubility is calculated utilizing the formula for the pure end 
member. Additionally, as the concentration of calcium in the glass is below the detection 
limit of the microprobe (< 150 ppm CaO), the concentration of calcium utilized for the 
solubility product calculation was estimated at 100 ppm CaO. With regards to microlite 
crystallization, the microlite may have crystallized from the melt due to oversaturation or 
from fluid-melt interactions, and without more experiments on microlite solubility, 
interpretation as to which process caused the microlite crystallization is not possible at 
this time.  
 
Figure 5-6: logKsp vs T for successful columbite-(Mn) experiments. Data from ASI 
1.0 experiments from McNeil (2018, Chapter 3) are provided for comparison, as 
well as data from Aseri et al. (2015). Error bars are ± 1 σ and in some instances, are 
smaller than the data point. 
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5.4.4 Temperature dependence of solubility 
As was demonstrated in McNeil (2018, Chapter 3), the solubility of columbite-
(Mn) and microlite is highly temperature dependent, with solubility increasing with 
increasing temperature. The data presented here (see Figure 5-6) is comparable to results 
of experiments in McNeil (2018, Chapter 3) as the glass composition is identical, and is 
also comparable to the glass composition of Aseri et al. (2015), with slight variation in 
ASI (Aseri et al. 2015 = 1.06 ± 0.02, this study = 1.02 ± 0.02). Values for logKsp and 
slopes of the logKsp vs 1000/T plot for columbite-(Mn) are nearly identical to those of 
McNeil (2018, Chapter 3), with logKsp values of -2.92 ± 0.06 and -2.90 ± 0.02 mol
2/kg2 
respectively at 700 °C and 200 MPa. Error values for logKsp and slopes of logKsp vs 
1000/T plots are higher due to crystallization of accessory phases in current experiments. 
Comparison of the data to Aseri et al. (2015) shows similar solubility products with Aseri 
et al. (2015) having a slightly steeper slope, which is expected due to the higher ASI 
values. Previous studies have shown that the solubility of columbite-(Mn) decreases with 
decreasing alkalinity of the melt (e.g. Linnen & Keppler 1997; Fiege et al. 2011). This 
explains the slightly lower solubilities of Aseri et al. (2015) compared to this study.  
 As shown in previous chapters, the integrated Van’t Hoff equation can be used to 
calculate the enthalpy of dissolution or crystallization of an experiment using the slope of 
the logKsp vs 1000/T plots (e.g. Stepanov 2005). This was given in detail in McNeil 
(2018, Chapters 3 and 4) and is restated here (Equation 5.3) where T is the temperature in 
Kelvin and R is the ideal gas constant, 8.314 J/K×mol. 
Equation 5.3: −∆Hdiss =
dlnKsp
d (
1
T)
× R 
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Using this equation, the enthalpy of crystallization of columbite-(Mn) can be calculated 
and compared to the enthalpy of dissolution from McNeil (2018, Chapter 3). The results 
of this calculation are given in Table 5-5. The enthalpy of crystallization cannot be 
determined for microlite as there is only one data point, therefore a linear regression 
cannot be calculated.  Literature values for the enthalpy of dissolution of columbite-(Mn) 
vary due to differences in melt compositions between studies. Examples for columbite-
(Mn) are: 158 ± 26 kJ/mol (Linnen & Keppler 1997); 170 ± 8 kJ/mol (Linnen 1998); and 
117.1 ± 1.4 kJ/mol (Aseri et al. 2015). Figure 5-7 compares the linear regression 
calculated in this study to the data presented in McNeil (2018, Chapter 3). The slopes of 
the linear regression for Chapter 3 and this study are -4.49 ± 0.18 and -5.08 ± 1.80 
respectively, and the enthalpy of crystallization for this study is 97.3 ± 34.5 compared to 
the enthalpy of dissolution for McNeil (2018, Chapter 3) which is 86.0 ± 3.4. The values 
from McNeil (2018, Chapter 3) and this study are identical within error and the errors 
associated with the data from this study are larger due less data points in the regression (3 
data points in this study, 6 in McNeil 2018, Chapter 3). The enthalpy of crystallization 
and dissolution are not the same as previously reported literature values because the melt 
compositions are different between the various studies.   
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Table 5-5: Enthalpy of crystallization for columbite-(Mn) as calculated from 
successful fluid experiments. Data for columbite-(Mn) from McNeil (2018, 
Chapter 3) is given for comparison. 
 
Mineral
Slope 
(dlogKsp/d(1000/T)
ΔHxl or diss (kJ/mol)
Columbite-(Mn) (ASI 1.0) -4.49 (±0.18) 86.0 (±3.4)
Columbite-(Mn) (Fluid experiments) -5.08 (±1.80) 97.3 (±34.5)
Figure 5-7: logKsp vs T for successful columbite-(Mn) experiments. The linear 
regression for the successful fluid/melt interaction experiments is given 
(determined in Microsoft Excel), along with data from McNeil (2018, Chapter 3) 
for comparison. Error bars are ± 1 σ and in some instances, are smaller than the 
data point. 
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5.5 Discussion 
5.5.1 Presence of lithiophilite and anorthoclase 
Lithiophilite was identified by Raman spectroscopy in all experiments that 
crystallized rare metal oxide minerals, and anorthoclase was identified by EPMA and 
µXRD in all experiments completed below 700 °C. Both lithiophilite and anorthoclase 
will affect the lithium content of the melt, by either removing and concentrating lithium 
respectively. Lithium was also removed by the melt from the fluid, as lithium will 
congruently partition into a vapour phase (London et al. 1988). Experiments that only 
contain lithiophilite will remove lithium from the melt (such as experiment 
SMn1Nb5000-700), because lithiophilite contains approximately 12% Li2O. 
Anorthoclase crystallization will concentrate lithium in the melt because lithium is an 
incompatible element in feldspars with experimental partition coefficients determined for 
plagioclase between An80 and An40 of KLi
Pl/melt = 0.25 ± 0.04 (Bindeman et al. 1998; 
Bindeman & Davis 2000). However, after determination of the Li2O contents of the glass 
by SIMS (between 0.82 and 0.67 wt% Li2O), lithiophilite crystallization and loss to the 
hydrothermal fluid resulted in a much greater effect on lithium content than feldspar 
crystallization as the Li2O contents of the resulting glasses are lower than the original 
starting melts (1.05 wt% Li2O). The chemical composition of the anorthoclase 
(Na0.62K0.36Al1.04Si2.97O8) is slightly more albitic than the 200 MPa solvus maximum 
(55% sodium feldspar) described by Bowen & Tuttle (1950). One feldspar phase is 
expected because the solvus maximum is at 660 °C ± 10 °C (Bowen & Tuttle 1950) and 
the lowest temperature experiments completed were at 650 °C, just above the feldspar 
solvus. Therefore, the granites described in these experiments are hypersolvus granites. 
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This observation is consistent with lower crystallization temperatures in natural 
pegmatites, which contain two feldspar phases (e.g. Tanco, Černý 2005).  
5.5.2 Presence of microlite in a tantalite-(Mn) experiment 
Experiment SMn1Ta5000-650 was designed to test the solubility of tantalite-(Mn) 
by crystallization from the interaction of a 5000 ppm tantalum melt with a 1% manganese 
as MnCl2 fluid. However, this experiment crystallized nanometer-sized crystals of 
microlite instead of tantalite-(Mn). Experiments in McNeil (2018, Chapter 4) showed that 
microlite is less soluble than tantalite-(Mn) in melts of ASI values less than 
approximately 1.39, with Ksp values of -4.04 mol
3/kg3 and -2.50 mol2/kg2, respectively, at 
700 °C and 200 MPa in an ASI 1.0 melt. Therefore, it is expected that microlite 
saturation would be reached before tantalite-(Mn), and that microlite would crystallize 
before tantalite-(Mn). The solubility products reported from McNeil (2018, Chapters 3 
and 4) are not directly comparable to the microlite from this study as the chemical 
composition of the microlite from this study is unknown due to grains too small for 
chemical analysis. However, the microlite from this study contains more calcium than the 
microlite that crystallized during tantalite-(Mn) and wodginite dissolution experiments in 
McNeil (2018, Chapter 3) due to a detectable peak in the SEM-EDS spectrum. 
Regardless of these chemical variations in microlite between studies, this experiment has 
again demonstrated that microlite is less soluble than tantalite-(Mn) in an ASI 1.0 melt. 
This is likely due to calcium and sodium having a different activity in the melt compared 
to manganese. Additionally, the decrease in Li2O and B2O3 content of these experiments 
would decrease the solubility of tantalite-(Mn) and presumably microlite relative to 
previous experiments completed in McNeil (2018, Chapters 3 and 4) based on the results 
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presented by Linnen & Keppler (1997) and Fiege et al. (2018). The effect of lithium and 
boron concentration on the solubility of microlite is unknown and could potentially affect 
the solubility of microlite more significantly than tantalite-(Mn).  
5.5.3 Temperature dependence 
The enthalpy of formation of columbite-(Mn) is identical within error to the value 
of the enthalpy of dissolution of columbite-(Mn) in McNeil (2018, Chapter 3), 97.3 ± 
34.5 and 86.0 ± 3.4, respectively. This is significant because the crystallization 
mechanisms in the two sets of experiments are very different. This demonstrates that the 
solubility products and enthalpies of formation/dissolution described throughout this 
study are constant and independent of how saturation was attained, and exhibit Henrian 
behaviour, such that the activity coefficients are constant over a small melt compositional 
range. The error values reported for this study are higher than those reported in McNeil 
(2018, Chapter 3) due to the limited dataset available for this study. The results of this 
study agree with previous studies, that the solubility of columbite-(Mn) is temperature 
dependent and solubility decreases with temperature.  
 If the linear regression in Figure 5-7 is extrapolated to 450 °C (e.g. London 1986; 
Sirbescu & Nabelek 2003; Nabelek et al. 2010), the solubility product of columbite-(Mn) 
would be -4.75 mol2/kg2. Assuming stoichiometric dissolution of columbite-(Mn), a flux-
rich melt of ASI 1.0 would reach columbite-(Mn) saturation at approximate 
concentrations of 1000 ppm Nb2O5 and 300 ppm MnO, based on the results of McNeil 
(2018, Chapter 3). This concentration of niobium is high for flux-rich pegmatite melts 
based on reported literature values from melt inclusions, for example the 
Ehrenfriedersdorf pegmatite in Germany contains 46 ppm niobium and 302 ppm 
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tantalum, from Zajacz et al. (2008), and ranges depending on sample analyzed from 8 to 
238 ppm niobium and from not detected to 521 ppm tantalum in Webster et al. (1997). 
However, manganese metasomatism would require lower and more reasonable 
concentrations of Nb2O5 at 450 °C. For example, at 500 ppm Nb2O5, 550 ppm manganese 
would be required to reach saturation in columbite-(Mn). Geologically reasonable 
manganese concentrations in fluids have been reported from fluid inclusions in 
pegmatites and associated peraluminous and metaluminous granites in Zajacz et al. 
(2008) containing between approximately 361 ppm and 3.5 wt% manganese. A flux-rich 
pegmatite melt at 450 °C would only need to contain 25 ppm Nb2O5 to reach saturation in 
columbite-(Mn) when 1 wt% manganese is present, which is a reasonable potential fluid 
concentration based on observations by Zajacz et al. (2008). Additionally, manganese 
metasomatism would be possible at temperatures higher than 450 °C as the higher the 
concentration of manganese in the fluid, the lower the required niobium concentration in 
the melt, as was shown in this study. Studies of primary fluid inclusions (Anderson et al. 
2001) and coexisting fluid-melt inclusions (Zajacz et al. 2008) show that hydrothermal 
fluids can contain up to 3.5 wt% manganese and up to 14 wt% iron, with average values 
around 1.1 and 3.8 wt%, respectively (Zajacz et al. 2008), with fluid-melt partition 
coefficients showing a positive correlation with chlorine concentration and in brines 
typically average above 10 (Zajacz et al. 2008). Therefore, metasomatism by a 
manganese-rich hydrothermal fluid is potentially more likely than extreme concentration 
of niobium by cooling to temperatures such as 450 °C. Van Lichtervelde et al. (2006) 
investigated the effect of wall-rock assimilation on tantalum mineralization at the Tanco 
pegmatite and could not conclude if manganese was added due to buffering by 
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manganese phases such as tourmaline. The method of determining solubility by fluid-
melt interactions described in this study potentially provides a way to determine 
solubility at lower temperatures than previously attainable by dissolution experiments. 
This is significant as it would be possible to further evaluate the potential mechanisms of 
cooling versus manganese metasomatism causing tantalite-(Mn) or columbite-(Mn) 
crystallization. Experiments completed at 650 °C in this study contain very few areas of 
glass to analyze, so experiments would need to be designed to decrease the solidus 
temperature as much as possible to allow for the melt to remain to as low temperature as 
possible.  
5.5.4 Compositional dependence 
The solubilities of columbite-(Mn) and tantalite-(Mn) are dependent on the 
composition of the melt and have the highest solubility in peralkaline melts (ASI < 1.0). 
Microlite solubility is much less dependent on melt composition as its solubility product 
remains almost constant with increasing ASI from 1.0 to 1.24 (McNeil 2018, Chapter 4). 
Lithium is an alkali element and increases the amount of non-bridging oxygens (NBOs) 
in the melt and therefore increases the solubility of columbite-(Mn) and tantalite-(Mn) 
(Linnen 1998) by lowering the ASI of the melt. More experiments need to be completed 
to determine if microlite solubility follows the same trend with lithium concentration as 
columbite-(Mn) and tantalite-(Mn). Crystallization of lithiophilite and anorthoclase 
change the ASILi values of the melt by changing the lithium content. The solubility 
product of the 700 °C metasomatic columbite-(Mn) in this study (experiment 
SMn1Nb5000-700) is identical within error to the solubility product in the 700 °C 
columbite-(Mn) dissolution experiment (COL-700) in McNeil (2018, Chapter 3), with 
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logKsp values of -2.92 and -2.90 mol
2/kg2, respectively. This is expected because while 
the final ASI and ASILi values between these two studies are slightly different they are 
within the 1σ error values of ±0.05, and the initial ASI and ASILi values are identical as it 
is the same base PEGA starting glass used for both studies. The final ASI values reported 
are 1.03 and 1.08 and ASILi values of 0.85 and 0.92 in COL-700 and SMn1Nb5000-700, 
respectively. The 675 °C and 650 °C columbite-(Mn) fluid experiments (SMn1Nb5000-
675 and SMn1Nb5000-650) showed similar results, plotting on the linear regression from 
columbite-(Mn) solubility data from McNeil (2018, Chapter 3) within error (Figure 5-6).  
The solubility of the microlite experiment does not plot along the linear regression 
from previous solubility experiments (Figure 5-5) in McNeil (2018, Chapters 3 and 4) 
because of the likely difference in composition between pure end member microlite and 
the microlite that crystallized in this study. As the exact composition of the microlite in 
this study is unknown, the solubility product was estimated utilizing the end member 
solubility product formula (Equation 5.2). It is difficult to compare the microlite from this 
study to previous results as the effect of end member versus solid solution chemical 
composition on solubility product is unknown. The activity of sodium in the melt may 
also not be constant between these two studies. The glass compositions of these studies 
are identical within the 1σ error of ± 0.05 (ASILi = 0.94, ASILiChapter 4 = 0.92, ASILiChapter 3 
= 0.84), therefore the solubility should not be affected by melt composition. Additionally, 
the experiments in McNeil (2018, Chapter 4) did not contain manganese and the 
experiments in this study do. Manganese is interpreted to effect melt composition and can 
be described as a network modifier, increasing the amount of NBOs and affecting 
solubility (Linnen & Keppler 1997). ASI can then be calculated as ASIMn = Al/(Na + K + 
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2×Mn), and if the ASI of experiment SMn1Ta5000-650 is calculated this way the ASIMn 
value is 1.04 instead of ASI 1.09. The effect of manganese on microlite solubility is 
unknown and more research is needed to fully understand the effect of manganese 
content on microlite solubility. However, as microlite crystallized before tantalite-(Mn), 
this experiment has proved that microlite is consistently less soluble than tantalite-(Mn) 
at the melt compositions investigated in McNeil (2018, Chapters 3 and 4) and in this 
study. 
5.5.5 Implications of solubility data for niobium and tantalum 
mineralization 
The solubilities of columbite-(Mn) at varying temperatures determined in this 
study lie along the same logKsp versus 1000/T linear regression as the solubilities 
determined in McNeil (2018, Chapter 3). This shows that the solubility of columbite-
(Mn) at constant temperature and similar melt composition is independent of how 
saturation was attained. Perhaps more importantly, this study demonstrates that the 
columbite-(Mn) solubility products follow Henry’s law, that the activity coefficient 
remains constant over a narrow range of compositions, regardless of mechanism through 
which saturation was attained. This is significant because the natural concentrations of 
niobium and tantalum in pegmatite melts (8 – 238 ppm niobium and up to 521 ppm 
tantalum from melt inclusions from the Ehrenfriedersdorf pegmatite, Webster et al. 1997) 
are much lower than the values from the stoichiometric dissolution of columbite-(Mn) 
and tantalite-(Mn) at estimated temperature of crystallization (750 °C – 500 °C, Thomas 
& Davidson 2015). Extreme melt fractionation or unreasonable concentrations of 
manganese in pegmatite melts would be required for columbite-(Mn) or tantalite-(Mn) 
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saturation in a melt. The process of crystallization from the interaction of a niobium melt 
with a manganese-bearing fluid demonstrates that it is possible for mobile cations to be 
introduced to the melt via hydrothermal fluids and result in the crystallization of 
columbite-(Mn). Melts with low concentrations of niobium or tantalum can crystallize 
columbite-(Mn) or tantalite-(Mn) from interaction with a manganese-rich hydrothermal 
fluid, although this will be controlled in part by other manganese phases such as 
tourmaline, spessartine and manganese phosphates such as lithiophilite. Webster & 
Holloway (1988) showed that chloride fluids complex ore metals typically found in 
magmatic systems such as iron, manganese and tin. This study has shown that this type of 
fluid would provide the necessary concentration of manganese to the melt and result in 
the crystallization of columbite-(Mn) even with low concentrations of chlorine in the 
fluid (~7 to 10 wt% chloride species) and 2:1 melt to fluid ratio. This is significant as 
many tantalum and niobium deposits worldwide exhibit evidence of hydrothermal or 
metasomatic events such as the presence of secondary saccharoidal albite (fine, granular 
texture) at the Brazil Lake pegmatite, Nova Scotia, Canada (Kontak 2006) or 
greisenization (hydrothermal alteration of muscovite and feldspar) such as at Manono-
Kitotolo, Katanga, Democratic Republic of Congo (Dewaele et al. 2016). Other tantalum 
pegmatites and granites that have evidence of hydrothermal processes during 
crystallization are Varuträsk, Northern Sweden (Siegel et al. 2016), Cínovec/Zinnwald, 
Czech Republic (Breiter et al. 2017), and Dajishan, Southeastern China (Wu et al. 2017). 
More research needs to be done but this study provides a starting point for providing a 
link between hydrothermal processes and crystallization of rare-metal ore minerals such 
as columbite-(Mn) and tantalite-(Mn) in flux-rich pegmatites.  
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5.6 Conclusion 
Columbite-(Mn) and tantalite-(Mn) are ore minerals of niobium and tantalum 
respectively and the mechanisms controlling their crystallization are poorly understood. 
Solubilities of these minerals at temperatures greater than 400 °C are much higher than 
concentrations in natural melt compositions. Niobium and tantalum minerals are typically 
located in zones near the outer edges and central zones of pegmatites. Current 
explanations for crystallization rely on the creation of boundary layers within the 
pegmatite due to rapid cooling, and the slow diffusivity of niobium or tantalum, causing 
these minerals to concentrate along these layers and reach concentration above saturation 
values, approximately 1 wt% Nb2O5 at 700 °C for stoichiometric columbite-(Mn) 
components (McNeil 2018, Chapter 3) in flux-rich melts. This study has shown that 
another crystallization mechanism is possible – the interaction of a niobium- or tantalum-
rich melt with a manganese-rich hydrothermal fluid, requiring less niobium in the melt 
and more manganese in the fluid. For experiments in this study, columbite-(Mn) was 
crystallized from a melt containing 5000 ppm niobium and a fluid containing 1 wt% 
manganese as MnCl2, which is approximately half the niobium concentration required to 
reach saturation based on stoichiometric dissolution of columbite-(Mn) in the same melt 
composition. This fluid-melt interaction would concentrate crystallization where the fluid 
is able to come in greatest contact with the melt. Solubilities calculated for this 
crystallization mechanism plot on the logKsp versus 1000/T linear regression for 
dissolution solubilities determined in McNeil (2018, Chapter 3). This demonstrates that 
rare metal solubility is independent of process to attain saturation and exhibits Henrian 
behaviour.  
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This study serves as a proof of concept for this method of crystallization for 
columbite-(Mn), and more research needs to be completed to fully understand the 
processes involved. As the solubility of tantalite-(Mn) is extremely high in ASI 1.0 melts, 
similar fluid-melt experiments could be attempted in peraluminous melt compositions to 
attempt to successfully crystallize tantalite-(Mn). Understanding the crystallization 
processes of niobium and tantalum ore minerals is critical to determining how to locate 
future deposits to supply the global market with these critical metals. This also introduces 
the possibility for experiments to be conducted at lower temperatures, because tantalum 
and niobium would not be required to diffuse to obtain saturation values. Only the mobile 
cations with faster diffusivities need to diffuse into the melt, which can occur at much 
lower temperatures in reasonable experimental durations than for niobium and tantalum. 
This experimental method would also be ideal for wodginite experiments because 
experiments could be conducted at temperatures below 700 °C and avoid tin loss from 
tin-gold alloys with the experiment capsule (McNeil 2018, Chapters 3 and 4).  
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6 Conclusions 
6.1 Summary and conclusions 
 The main objective of this study was to provide experimental constraints on the 
crystallization mechanisms of columbite-(Mn), tantalite-(Mn), wodginite, 
titanowodginite, microlite and pyrochlore in nature. Previous experimental studies such 
as Keppler (1993), Linnen & Keppler (1997), Linnen (1998), Linnen (2005), Van 
Lichtervelde et al. (2010), Bartels et al. (2010), Chevychelov et al. (2010), Fiege et al. 
(2011), Aseri et al. (2015), Tang et al. (2016), Fiege et al. (2018) have only examined 
columbite-(Mn) and tantalite-(Mn) solubility, and there is a lack of solubility data for 
wodginite, titanowodginite, microlite and pyrochlore in flux-rich haplogranitic melts. In 
order to understand the solubility and crystallization mechanisms of these minerals, a 
four-fold approach was utilized. First, a new method of synthesis for high field strength 
element (HFSE) minerals was developed to synthesize columbite-(Mn), tantalite-(Mn), 
hafnon, zircon, and titanowodginite at temperatures attainable in cold seal pressure 
vessels (CSPVs) (McNeil 2018, Chapter 2). This method can be used for synthesis of 
multiple mineral phases producing grains large enough (at minimum > 1 µm, typically > 
5 µm) to be utilized in experiments within a short experimental duration.  
These synthetic minerals, along with natural samples, were used to complete the 
next two studies. The first of these is the investigation of the solubility of wodginite, 
titanowodginite, microlite and pyrochlore between 700 °C and 850 °C and 200 MPa in a 
flux-rich haplogranitic melt of ASI 1.0 (McNeil 2018, Chapter 3). The solubility of these 
minerals was reported in two ways, as the solubility product, Ksp (e.g. Linnen & Keppler 
1997), and as the partition coefficient, Dmineral-melt (Watson & Harrison 1983). McNeil 
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(2018, Chapter 3) showed that when solubility is reported as the log of the solubility 
product, at 750 °C and 200 MPa tantalite-(Mn) is the most soluble (-2.32 mol2/kg2) 
followed by columbite-(Mn) (-2.68 mol2/kg2), and pyrochlore (-3.71 mol3/kg3) 
titanowodginite (-3.73 mol3/kg3), wodginite (-3.77 mol3/kg3), and microlite (-3.78 
mol3/kg3) are almost identical within error. The difference in solubilities is proposed to be 
controlled by the mobile cations present in the minerals, for example calcium and 
sodium, compared to immobile cations such as tin or titanium. The activity coefficient of 
sodium is likely very different than the activity coefficient of manganese, causing the 
solubility of the minerals to differ depending on the mobile cation present in the mineral 
structure. Solubility is also affected by the presence of non-bridging oxygens (NBOs) in 
the melt (Horng et al. 1999). Minerals containing tin and titanium such as wodginite and 
titanowodginite add additional HFSEs to the melt which need to be stabilized along with 
tantalum, likely requiring more NBOs. Additionally, tin and titanium likely form clusters 
known as moieties (e.g. Farges et al. 2006) with sodium and potassium, which remove 
alkalis and increase the effective ASI of the melt, decreasing solubility. This would likely 
lead to a decrease in solubility compared to minerals with only alkali elements as mobile 
cations in the mineral structure. The similarity in solubility between microlite/pyrochlore 
and wodginite/titanowodginite is fortuitous as this similarity is only reported in the ASI 
1.0 melt. When solubility is reported as a partition coefficient, the solubility of tantalite-
(Mn), wodginite and titanowodginite are all identical within error (approximately 29), 
and pyrochlore (50), columbite-(Mn) (66), and microlite (80) have much lower 
solubilities. This is due to the starting glass composition used and how the partition 
coefficient is calculated. The starting glass used contains approximately 7% wt% Na2O, 
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and because sodium is present in the mineral and melt, microlite and pyrochlore will 
dissolve stoichiometrically but the melt will have a non-stoichiometric value. This results 
in less tantalum or niobium dissolution, leading to a lower value for the partition 
coefficient, as the partition coefficient is the ratio of niobium or tantalum present in the 
mineral to the amount present in the melt, and is not affected by any other element such 
as sodium. Additionally, Linnen & Keppler (1997) showed that solubility products are 
Henrian over a small compositional range (0-1 wt% Nb2O5, Ta2O5 or MnO), and this may 
not hold true for microlite and pyrochlore where the starting melt contains 7 wt% Na2O. 
Therefore, it would be beneficial for more experiments to be completed to determine 
microlite and pyrochlore solubility in melt compositions with variable amounts of sodium 
at constant ASI. This study also identified that the relationship that an increase in 
temperature increases solubility, as previously demonstrated for columbite-(Mn) and 
tantalite-(Mn) (e.g. Linnen & Keppler 1997; Aseri et al. 2015) holds true for microlite, 
pyrochlore, wodginite and titanowodginite, with temperature dependence being similar in 
microlite, tantalite-(Mn), and wodginite, and more dependent (steeper slope) in 
columbite-(Mn), titanowodginite and pyrochlore.  
The second study (McNeil 2018, Chapter 4) investigated the effect of melt 
composition (ASI 1.10 and ASI 1.24) on the solubility of the tantalum minerals 
wodginite, titanowodginite, microlite and tantalite-(Mn) at 700 °C and 800 °C and 200 
MPa in flux-rich haplogranitic melts (McNeil 2018, Chapter 4). This study showed that 
the previously defined order of solubilities of microlite, wodginite, titanowodginite and 
tantalite-(Mn) are different upon varying melt compositions when reported as solubility 
products, but the same as previously reported when reported as partition coefficients. 
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When solubilities are reported as the log of the solubility product in ASI 1.24 melts at 
700 °C and 200 MPa, tantalite-(Mn) is the most soluble (-3.51 mol2/kg2), followed by 
microlite (-4.24 mol3/kg3), titanowodginite (-5.49 mol3/kg3), and finally wodginite (-6.11 
mol3/kg3) being least soluble. When solubility is reported as a partition coefficient, 
tantalite-(Mn), wodginite and titanowodginite have identical solubilities within error 
(approximately 113), and microlite is much less soluble (approximately 220). This again 
is an artifact of how the partition coefficient is calculated. Solubilities for all minerals 
sharply decrease with increasing ASI likely due to the removal of alkali elements that 
provide NBOs to the melt and stabilize HFSEs in the melt structure (Linnen & Keppler 
1997). Microlite solubility remains near constant with increasing ASI, and this is likely 
due to a fundamental change in behaviour between sodium/calcium and 
manganese/tin/titanium in flux-rich haplogranitic melts. However, more research is 
necessary to understand the mechanisms responsible for this difference in solubility with 
composition. Temperature dependence was shown to be dependent on melt composition, 
with greater temperature dependence at higher melt ASI. Tantalite-(Mn) shows the least 
dependence on temperature with increasing ASI, followed by microlite, and wodginite 
and titanowodginite having the largest increase in temperature dependence with 
increasing ASI.  
The final part of this thesis (McNeil 2018, Chapter 5) investigated the idea that 
minerals crystallize as a result of the interaction of a mobile cation-rich hydrothermal 
fluid and a niobium- or tantalum-rich pegmatite melt. Columbite-(Mn) was crystallized 
by the interaction of a manganese-rich hydrothermal fluid and a niobium-rich pegmatite 
melt of ASI 1.0 at 700 °C, 675 °C, and 650 °C. Microlite was unintentionally crystallized 
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in an experiment testing the interaction of a manganese-rich hydrothermal fluid and a 
tantalum-rich pegmatite melt of ASI 1.0 at 650 °C. This is expected as microlite is less 
soluble than tantalite-(Mn) at the melt composition investigated in this study. These 
experiments indicate that solubility is independent of crystallization mechanism, such as 
from fluid-melt interactions or strictly magmatic processes, that solubility is constant 
over a narrow compositional range (e.g. follows Henry’s law) and provide a proof of 
concept that these types of fluid-melt interactions can trigger crystallization of niobium 
and potentially tantalum minerals in pegmatite melts. The stoichiometric saturation 
concentration of Nb2O5 for columbite at 700 °C and 200 MPa in this flux-rich ASI 1.0 
melt composition is approximately 1 wt% (McNeil 2018, Chapter 3), much higher than 
typical natural pegmatite melt concentrations. This method shows that from using non-
stoichiometric concentrations, (less niobium in the melt and more manganese in the fluid) 
columbite-(Mn) can crystallize from lower concentrations of Nb2O5 in the melt 
(approximately 5000 ppm niobium, McNeil 2018, Chapter 5). More experiments are 
necessary to pin point the minimum concentrations of fluid mobile cations in fluids and 
rare metals in melts necessary to achieve crystallization of niobium and tantalum phase 
minerals from minimum concentrations of tantalum and niobium, closest to natural melt 
values.  
6.2 Implications 
The mechanisms responsible for columbite-(Mn), tantalite-(Mn), wodginite, 
titanowodginite, microlite and pyrochlore crystallization in pegmatite melts are poorly 
understood. The results of this study have broad reaching implications for future research 
into rare metal crystallization. Synthesis of rare metal minerals with grains sizes large 
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enough to use in experiments (≥ 5 µm) at temperatures attainable in CSPVs is essential to 
future research into crystal structures, order/disorder, solubility, and crystallization of 
HFSE minerals. Also, the use of one method to synthesize multiple different HFSE 
minerals simplifies the process and requires fewer resources and materials to create these 
minerals.  
 Of the many previous studies on columbite-(Mn) and tantalite-(Mn) solubility, 
other niobium and tantalum ore minerals such as microlite, pyrochlore, wodginite and 
titanowodginite were assumed to behave in a similar manner and had not been studied. 
The solubilities of these minerals have been shown to be either different from columbite-
(Mn) and tantalite-(Mn) if calculated as the solubility product, or identical or extremely 
similar within error if calculated as a partition coefficient. Determining the solubilities of 
these minerals is key to understanding the crystallization histories of pegmatites and the 
mechanisms associated with the crystallization of HFSE phase minerals. The fact that the 
majority of these minerals have nearly identical partition coefficients, within error, leads 
to the conclusion that it is not the solubility of the mineral in the melt that controls the 
mineral phase crystallized, but the presence of specific fluid mobile cations in the melt or 
introduced to the melt from hydrothermal fluids, as shown in McNeil (2018, Chapter 5). 
If there are large quantities of multiple fluid mobile cations present (e.g. tin, manganese 
and calcium), then solubility would be controlled by the solubility product of the mineral 
phases in question. These experiments on solubility may help explain the types of mineral 
phases present and their location in natural pegmatites such as Greenbushes, Australia; 
Tanco, Canada; or Kenticha, Ethiopia, as well as deposits associated with peraluminous 
granites such as Yichun, China.  
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 The results of McNeil (2018, Chapters 3 and 4), as well as observations from 
natural pegmatites led to the experimental design enabling rare metal mineral 
crystallization from the interaction of fluid mobile cation-rich hydrothermal fluids and 
fluid immobile rare metal-rich pegmatite melts. Elements such as manganese, calcium 
and tin are fluid mobile elements, and tantalum and niobium are classified as fluid 
immobile because they tend to remain in a melt over a fluid phase unless the fluid has an 
extremely low pH (Borodulin et al. 2009; Timofeev et al. 2017). Many pegmatites 
hosting tantalum and niobium mineralization worldwide contain evidence of 
hydrothermal processes associated with pegmatite and rare metal mineral crystallization, 
such as Katanga, Democratic Republic of Congo (Dewaele et al. 2016); Brazil Lake, 
Canada (Kontak 2006; Kontak & Kyser 2009); Varuträsk, Northern Sweden (Siegel et al. 
2016); and Cínovec/Zinnwald, Czech Republic (Breiter et al. 2017). Experiments 
demonstrating that columbite-(Mn) can be crystallized by the interaction of a manganese-
rich hydrothermal fluid with a niobium-rich pegmatite melt indicate that the 
crystallization of rare metal minerals is not necessarily strictly a magmatic process. This 
type of mineralization may be able to explain the natural phenomenon of niobium and 
tantalum minerals containing cores of one mineral phase, and rims of another, as fluid 
compositions change or as fluids come in contact with melts and change the phases being 
crystallized (e.g. Wu et al. 2017). Using the data from McNeil (2018, Chapter 3), and 
extrapolating to 450 °C, the solubility product of columbite-(Mn) at 450 °C was 
determined to be -4.75 mol2/kg2. Assuming stoichiometric dissolution of columbite-(Mn), 
a flux-rich melt of ASI 1.0 was determined to reach columbite-(Mn) saturation at 
approximate concentrations of 1000 ppm Nb2O5 and 300 ppm MnO. This concentration 
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of niobium is high for flux-rich pegmatite melts based on reported literature values from 
melt inclusions, for example the Ehrenfriedersdorf pegmatite in Germany contains 46 
ppm niobium, from Zajacz et al. (2008), and from 8 to 238 ppm niobium in Webster et 
al. (1997). However, it was determined that manganese metasomatism requires lower, 
more geologically reasonable concentrations of Nb2O5 at 450 °C, for example at 500 ppm 
Nb2O5, 550 ppm manganese would be required to reach saturation in columbite-(Mn). 
These concentrations of manganese are reasonable in fluids as Zajacz et al. (2008) 
reported fluid inclusions from pegmatites and associated peraluminous and metaluminous 
granites containing between approximately 361 ppm and 3.5 wt% manganese. This 
demonstrates that manganese metasomatism may be a viable alternative crystallization 
mechanism to very low crystallization temperatures. More experiments are necessary to 
further describe and explain this potential crystallization mechanism. As the solubilities 
of these minerals have been shown to be independent of crystallization mechanism and 
are Henrian over a small compositional range, knowing the solubilities of these mineral 
phases in flux-rich pegmatite melts are crucial to designing experiments on the 
crystallization of rare metal minerals via fluid-melt interactions.  
These types of experiments are necessary to link the mineral textures and 
associations we see in nature to the processes responsible for their formation. Explanation 
of the formation of rare metal deposits could allow for updated and accurate depositional 
models and exploration strategies for new sources of these critical metals that are heavily 
relied on in modern technologies. More research is necessary to understanding the full 
extent of fluid-melt crystallization processes, but this study provides a starting point for 
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future experiments and greater understanding of the genesis of rare metal deposits 
worldwide.  
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Appendices 
Appendix A: Copyright permissions, previous research and experimental protocol 
Copyright permission for Chapter 2 (McNeil et al. 2015)  
 
Previous research and experimental protocol 
The initial topic of research for this thesis was the effect of trace elements and 
undercooling on columbite-(Mn) and tantalite-(Mn) crystal structure. This was 
investigated by doping a flux-rich pegmatite glass with niobium or tantalum and 
manganese so that hydrous melts would be undersaturated with respect to columbite-
(Mn) or tantalite-(Mn) at 800 °C and be saturated at temperatures below 750 °C. The 
starting glass utilized was PEG0 originally synthesized by R.L. Linnen, and previously 
utilized in studies such as Bartels et al. (2011). The concentrations for saturation were 
determined using data from Aseri et al. (2015) as the glass used in the previous study was 
very similar to the PEG0 composition in this study. Approximately 50 starting glass 
synthesis and experiments were completed and analyzed over two years. The effect of 
220 
 
undercooling on crystal structure was tested by starting the experiments at 800 °C and 
then cooling to either 600 °C or 700 °C to crystallize columbite-(Mn) or tantalite-(Mn) 
and varying the run duration (2, 5 or 10 days).  
Columbite-(Mn) experiments were successful in crystallizing columbite-(Mn) 
from the melt but tantalite-(Mn) experiments crystallized a mineral assumed to be 
microlite that contained high concentrations of calcium. The calcium content was 
determined by large EDS peaks as the average grain size of the minerals was 100 to 500 
nm, too small for analysis by electron microprobe. Microlite identification was completed 
by scanning electron microscope – energy dispersive spectroscopy (SEM-EDS), after 
subtraction of background interference from elements in the glass. Microlite 
crystallization was unexpected as the only calcium present in the glass was a trace 
amount from the starting reagents used to synthesize the PEG0 glass, determined to be 
300-400 ppm CaO from inductively coupled plasma – mass spectroscopy (ICP-MS) and 
electron probe microanalysis (EPMA). It is common practice to use reagent grade starting 
materials for glass synthesis, and purities of starting materials used to synthesize the 
PEG0 glass SiO2, Al2O3, K2O and Na2O were 99.5%. It is recommended that in future 
work (such as the experiments described in this thesis), that ultrapure (99.99% or better) 
starting reagents are utilized to limit the concentration of calcium in the starting glass, as 
it has been demonstrated that very small concentrations of calcium lead to microlite 
crystallization over tantalite-(Mn).  
To study the effect of trace elements on the order-disorder of columbite-(Mn) and 
tantalite-(Mn) crystal structures, two sets of experiments were designed: undercooling 
experiments on PEG0 glass doped with niobium, manganese, scandium, titanium, 
221 
 
tungsten, zirconium, and hafnium, and experiments attempting to hydrothermally 
synthesize columbite-(Mn) and tantalite-(Mn) doped with scandium, titanium, tungsten, 
zirconium, and hafnium using the method described in McNeil et al. (2015) and 
determine the crystal structure of the run products. These trace elements were chosen as 
they are commonly found in natural columbite-(Mn) and tantalite-(Mn) crystals (Wise et 
al. 1985; Černý et al. 2007). The trace-element-doped hydrothermal columbite-(Mn) 
synthesis was a success, but the trace-element-doped hydrothermal tantalite-(Mn) 
synthesized a doped titanowodginite as determined by micro X-ray diffraction (µXRD) 
and EPMA, which was the only phase identified. This led to the testing of synthesizing 
pure titanowodginite using the same method, which was a success, as described in 
Chapter 2.  
Glass chips from all experiment run products were mounted in epoxy and 
analyzed by µXRD using a Bruker D8 Discover microdiffractometer at Western 
University. Columbite-(Mn) and microlite grains were too small for analysis via this 
method in-situ as only background signal from the glass was detected for most of the 
experiments. This is because the average grain size of microlite grains was < 1 µm and 
columbite-(Mn) grains ranged from < 1 to 300 µm exposed at the surface of the glass, 
with only one large grain present for analysis in one experiment. This is typically much 
smaller than the 300 µm beam used on the instrument. Columbite-(Mn) crystals always 
formed as long thin rectangular laths, most commonly exposed along the shortest axis at 
the surface.  
A new method was developed to analyze columbite-(Mn) grains by µXRD. 
Hydrofluoric acid (50%) was used in platinum crucibles to dissolve the glass but not the 
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columbite-(Mn) crystals over approximately 2 – 5 hours. The columbite-(Mn) crystals 
settled to the bottom of the crucibles, therefore most of the HF was removed from the 
crucible by siphoning it into a waste container with a pipette, leaving a small amount of 
HF and columbite-(Mn) crystals behind. The HF was then diluted by the addition of 
distilled water, and this process repeated four more times until the concentration of HF 
was negligible, and the remaining water left to evaporate. This dilution process was 
necessary to remove the dissolved silicate and any other residue before evaporation 
because when the concentrated HF solution was left to evaporate, a white residue formed 
in the bottom of the crucible, making it nearly impossible to find and separate the 
columbite-(Mn) crystals from the residue. Once the remaining fluid had evaporated, the 
crystals were hand-picked from the crucible and placed in a small pile on a zero-
background holder for µXRD analysis on the Bruker D8 Discover microdiffractometer in 
the Department of Earth Sciences at Western University. The use of this machine allows 
samples to remain horizontal and stationary while the detector and source were set to the 
desired θ1+θ2=2θ, where θ1≠θ2 in omega scan mode (Flemming 2007). Omega scan 
parameters utilized were θ1=14.5°, θ2=23°, ω=7°, 120-minute duration for frame one, and 
θ1=36.5°, θ2=40°, ω=17°, 240-minute duration for frame two. Omega scans allow for 
more reflections to be collected as the detector and source move throughout the scan, 
instead of the need for the sample to rotate. Scans were then processed from General 
Area Detector Diffraction System (GADDS) images using DIFFRAC PLUS™ 
Evaluation software (EVA). Unit cell values were determined with CELREF (Laugier & 
Bochu 2003) using starting ordered and estimated disordered parameters from Ercit et al. 
(1995) to determine which matched the phase present in each experiment, as well as best 
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matching phases from the International Center for Diffraction Data powder diffraction 
file (ICDD PDF4+ 2010) database. 
Based on the results of the refinements of the experiment run products, it was 
interpreted that undercooling had a minor effect on columbite-(Mn) crystal structure, and 
that trace elements incorporated into the crystal structure-controlled order-disorder 
(Figure A-1). To confirm the unit cell parameters, crystal structures were then determined 
by single crystal X-ray diffraction at the Department of Chemistry X-ray Facility at 
Western University. All X-ray measurements were made on a Bruker Kappa Axis Apex2 
Figure A-1: Refined unit cell parameters of Columbite-(Mn) undercooling and 
trace element doped experiments plotted on the order-disorder plot of Ercit et al. 
(1995). Error bars are smaller than the size of the data points. 
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diffractometer. The sample was mounted on a Mitegen polyimide micromount with a 
small amount of Paratone N oil. The unit cell dimensions were determined from 
symmetry constrained fits of thousands of reflections with 11.06° < 2θ < 85.92°. The 
frame integration was performed using SAINT and the resulting raw data was scaled and 
absorption corrected using a multi-scan averaging of symmetry equivalent data using 
SADABS.  The crystal structure was solved by using the SHELXT program utilizing a 
dual space methodology. Unit cell parameters of the single crystal analysis of the 700 °C 
undercooling experiment were in close agreement with µXRD, a = 14.414(5) Å, b = 
5.761(2) Å, c = 5.079(2) Å, and a = 14.444(4) Å, b = 5.776(4) Å, c = 5.089(2) Å 
respectively. The slight variation in parameters is not unexpected as single crystal 
analyses were completed at -40.15 °C and µXRD analyses were completed at room 
temperature, approximately 25 °C. The temperature data presented below for the trace 
element experiment can be used to extrapolate the 700 °C undercooling experiment data 
to 25 °C, which gives unit cell parameters of a = 14.437 Å, b = 5.775 Å, c = 5.089 Å, 
nearly identical to the micro-XRD results within error. However, unit cell parameters of 
trace element doped experiments did not match between single crystal and µXRD 
analysis methods, with values of a = 14.353 Å, b = 5.740 Å, c = 5.081 Å, and a = 
14.342(5) Å, b = 5.762(2) Å, c = 5.145(3) Å respectively. Seven single crystal analyses 
were completed over a temperature range of -150.15 and -20.15 °C in order to extrapolate 
the crystal structure to 25 °C. When the micro-XRD data for the trace element 
experiment is refined using the single crystal unit cell values as starting parameters, a 
refinement is achieved, and the values are in close agreement with the single crystal 
values. Therefore, based on the amount of reflections produced when the sample was 
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analyzed by µXRD, and depending on the starting parameters chosen for refinement, two 
or more possible refinement solutions exist.  
Based on the amount of reflections collected for determination of the crystal 
structure (thousands instead of 5-11), the single crystal parameters were determined to be 
correct. The next issue is that when plotted on graph of c versus a from Ercit et al. 
(1995), the unit cell parameters plot near the ordered field between the manganese and 
iron end members (Figure A-2). This makes sense as the single crystal refinement 
Figure A-2: Refined unit cell parameters of Columbite-(Mn) trace element 
doped experiment (NBD2-600) plotted on the order-disorder plot of Ercit et al. 
(1995). Data points represent refinement by CELREF from µXRD data using 
disordered starting parameters and refinement from single crystal XRD data. 
Error bars are smaller than the size of the data points. 
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determined that the crystal structure was ordered. However, the sample contains no iron 
and only contains approximately 3 wt% Sc2O3, 4 wt% TiO2, and 2-3 wt% WO3 (as 
determined by EPMA). These elements influence the unit cell parameters and change 
where the samples plot on the graph of c versus a.  This leads to difficulty evaluating the 
data presented by Ercit et al. (1995), as their unit cell parameters were refined using 
CELREF of powder diffraction data containing between 10-18 reflections of impurity 
free samples, with disordered parameters representing samples that had the least amount 
of reflections. However, their chemical analyses of samples were completed using EDS 
on an electron microprobe, and analytical precision was less than 2% for titanium, tin and 
scandium. Therefore, it is difficult to evaluate if the samples were free of impurities 
affecting the crystal structure. Samples in this study produced between 5-11 reflections 
and the trace element experiment produced two equally valid CELREF refinements 
depending on starting unit cell parameters chosen. Ercit et al. (1995) concludes that 
crystals that contain high concentrations of impurity elements tend to be disordered but 
based on the experiment presented in this study, without single crystal and EPMA 
analysis of samples analyzed by Ercit et al. (1995), there is no way to be conclusively 
sure that the data given is accurate, if there are other solutions to the unit cell refinements 
of the samples, or the full effect of trace elements on composition.    
The combined difficulties with tantalite-(Mn) undercooling experiments, trace 
element doped mineral synthesis, and unit cell refinement led to the abandonment of this 
project and the start of the project completed for this thesis. However, the unexpected 
crystallization of microlite led to the development of a new protocol for synthesizing 
glasses using ultrapure starting reagents, and the synthesis of titanowodginite and 
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crystallization of microlite in glasses with trace calcium were discovered. Clearly it was 
necessary to investigate the relationship between microlite, tantalite-(Mn), wodginite and 
titanowodginite crystallization, and by extension pyrochlore and columbite-(Mn) 
crystallization in flux-rich haplogranitic melts.   
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Appendix B: X-ray diffraction patterns for hydrothermal experiments in McNeil 
(2018, Chapter 2). Diffraction patterns provided are collected data for respective 
experiments, and DIF patterns are cards for best matching phases from ICDD 
databases PDF4+ 2010 and PDF4+ 2016. Captions provided below images.  
 
HTAN-600-7: Hydrothermal tantalite-(Mn) synthesis at 600 °C, 200 MPa, 7 days  
 
HTAN-600-14: Hydrothermal tantalite-(Mn) synthesis at 600 °C, 200 MPa, 14 days 
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HWOD-Sn-400-7: Hydrothermal wodginite synthesis at 400 °C, 200 MPa, 7 days  
 
HWOD-Sn-600: Hydrothermal wodginite synthesis at 600 °C, 200 MPa, 5 days 
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HWOD-Ti-400: Hydrothermal titanowodginite synthesis at 400 °C, 200 MPa, 5 days 
 
HWOD-Ti-400-14: Hydrothermal titanowodginite synthesis at 400 °C, 200 MPa, 14 
days 
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HWOD-Ti-500: Hydrothermal titanowodginite synthesis at 500 °C, 200 MPa, 5 days 
 
HWOD-Ti-600: Hydrothermal titanowodginite synthesis at 600 °C, 200 MPa, 5 days 
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HWOD-Ti-800: Hydrothermal titanowodginite synthesis at 800 °C, 200 MPa, 5 
days. This pattern shows that all peaks match wodginite group minerals.  
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Appendix C: BSE images (above) and EDS spectra (middle) and estimated weight 
percentages (below) for hydrothermal experiments with multiple phases in McNeil 
(2018, Chapter 2). Experiment details are provided in captions below images.  
 
HTAN-600-7: Hydrothermal tantalite-(Mn) synthesis at 600 °C, 200 MPa, 7 days 
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HTAN-600-14: Hydrothermal tantalite-(Mn) synthesis at 600 °C, 200 MPa, 14 days 
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     HWOD-Sn-700 
 
HWOD-Sn-700: Hydrothermal wodginite synthesis at 700 °C, 200 MPa, 5 days 
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    HWOD-Sn-700 
 
HWOD-Sn-700: Hydrothermal wodginite synthesis at 700 °C, 200 MPa, 5 days 
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HWOD-Sn-400-7: Hydrothermal wodginite synthesis at 400 °C, 200 MPa, 7 days 
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HWOD-Sn-400-7: Hydrothermal wodginite synthesis at 400 °C, 200 MPa, 7 days 
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HWOD-Sn-600: Hydrothermal wodginite synthesis at 600 °C, 200 MPa, 5 days 
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HWOD-Sn-600: Hydrothermal wodginite synthesis at 600 °C, 200 MPa, 5 days 
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HWOD-Sn-600: Hydrothermal wodginite synthesis at 600 °C, 200 MPa, 5 days 
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HWOD-Sn-600-14: Hydrothermal wodginite synthesis at 600 °C, 200 MPa, 14 days 
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HWOD-Sn-600-14: Hydrothermal wodginite synthesis at 600 °C, 200 MPa, 14 days 
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HWOD-Ti-400: Hydrothermal titanowodginite synthesis at 400 °C, 200 MPa, 5 days 
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HWOD-Ti-400: Hydrothermal titanowodginite synthesis at 400 °C, 200 MPa, 5 
days, Mn-F compound 
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HWOD-Ti-400-14: Hydrothermal titanowodginite synthesis at 400 °C, 200 MPa, 14 
days 
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HWOD-Ti-400-14: Hydrothermal titanowodginite synthesis at 400 °C, 200 MPa, 14 
days, Mn-F compound 
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HWOD-Ti-500: Hydrothermal titanowodginite synthesis at 500 °C, 200 MPa, 5 days 
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Appendix D: X-ray diffraction patterns for pellet experiments in McNeil (2018, 
Chapter 2). Diffraction patterns provided are collected data for respective 
experiments, and DIF patterns are cards for best matching phases from ICDD 
database PDF4+ 2016. Experiment descriptions are provided below the images.   
 
 
PWOD-30h: Wodginite pellet experiment, 1050 °C, 1 atm, 30-hour total duration 
 
 
PWOD-40h: Wodginite pellet experiment, 1050 °C, 1 atm, 40-hour total duration 
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PWOD-50h: Wodginite pellet experiment, 1050 °C, 1 atm, 50-hour total duration 
 
PWOD-Acidtest: Wodginite pellet PWOD-50h product experiment utilizing 6N:1N 
(N = normal) HF:H2SO4 at 700 °C, 200 MPa, 6-day duration 
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PWOD-HCltest: Wodginite pellet PWOD-50h product experiment utilizing 38% 
HCl at 700 °C, 200 MPa, 5-day duration 
 
 
 
PWOD-MnCO3: Wodginite pellet experiment utilizing MnCO3 instead of MnO as a 
reactant, 1050 °C, 1 atm, 20-hour duration 
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PWOD-Pt: Wodginite pellet PWOD-50h product experiment utilizing a Pt capsule 
to try and remove excess Sn through Sn-Pt alloying, 1050 °C, 1 atm, 10-hour 
duration 
 
254 
 
Appendix E: BSE images (above) and EDS spectra (middle) and estimated weight 
percentages (below) for pellet experiments in McNeil (2018, Chapter 2). Experiment 
details are provided in captions below images. 
 
PWOD-40h: Wodginite pellet experiment, 1050 °C, 1 atm, 40-hour total duration 
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PWOD-40h: Wodginite pellet experiment, 1050 °C, 1 atm, 40-hour total duration 
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 PWOD-50h 
 
PWOD-50h: Wodginite pellet experiment, 1050 °C, 1 atm, 50-hour total duration 
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 PWOD-50h 
 
PWOD-50h: Wodginite pellet experiment, 1050 °C, 1 atm, 50-hour total duration 
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PWOD-50h 
 
PWOD-50h: Wodginite pellet experiment, 1050 °C, 1 atm, 50-hour total duration 
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PWOD-Acidtest: Wodginite pellet PWOD-50h product experiment utilizing 6N:1N 
(N = normal) HF:H2SO4 at 700 °C, 200 MPa, 6-day duration 
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PWOD-Acidtest: Wodginite pellet PWOD-50h product experiment utilizing 6N:1N 
(N = normal) HF:H2SO4 at 700 °C, 200 MPa, 6-day duration 
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PWOD-MnCO3: Wodginite pellet experiment utilizing MnCO3 instead of MnO as a 
reactant, 1050 °C, 1 atm, 20-hour duration 
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PWOD-MnCO3: Wodginite pellet experiment utilizing MnCO3 instead of MnO as a 
reactant, 1050 °C, 1 atm, 20-hour duration 
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PWOD-MnCO3: Wodginite pellet experiment utilizing MnCO3 instead of MnO as a 
reactant, 1050 °C, 1 atm, 20-hour duration 
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PWOD-Pt: Wodginite pellet PWOD-50h product experiment utilizing a Pt capsule 
to try and remove excess Sn through Sn-Pt alloying, 1050 °C, 1 atm, 10-hour 
duration 
265 
 
 
PWOD-Pt: Wodginite pellet PWOD-50h product experiment utilizing a Pt capsule 
to try and remove excess Sn through Sn-Pt alloying, 1050 °C, 1 atm, 10-hour 
duration 
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PWOD-Pt: Wodginite pellet PWOD-50h product experiment utilizing a Pt capsule 
to try and remove excess Sn through Sn-Pt alloying, 1050 °C, 1 atm, 10-hour 
duration 
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Appendix F: µXRD patterns and images of natural starting minerals for McNeil 
(2018, Chapter 3). Diffraction patterns provided are collected data for respective 
experiments, and DIF patterns are cards for best matching phases from ICDD 
database PDF4+ 2016. 
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Appendix G: Calibration curve and standard data for SIMS analyses and SIMS 
data for McNeil (2018, Chapter 3). 
 
 
 
Sample 6Li/30Si 1S(%) 10B/30Si 1S(%) SiO2 Li2O B2O3 Li/Si B/Si
Actual 
6Li2O Conc.
Li Correction 
Factor
PEGA-STD-01 2.14E-01 0.08 1.47E-01 0.10 63.75 1.05 2.36 0.02 0.04 0.38 0.36
PEGA-STD-02 2.15E-01 0.08 1.47E-01 0.10 63.75 1.05 2.36 0.02 0.04 0.38 0.36
PEGA-STD-03 2.13E-01 0.08 1.48E-01 0.10 63.75 1.05 2.36 0.02 0.04 0.38 0.36
PEGA-STD-04 2.18E-01 0.08 1.47E-01 0.10 63.75 1.05 2.36 0.02 0.04 0.39 0.37
PEGA-STD-05 2.15E-01 0.08 1.48E-01 0.10 63.75 1.05 2.36 0.02 0.04 0.38 0.36
Average 2.15E-01 0.08 1.47E-01 0.10 - - - - - 0.38 0.36
NIST610-01 - - 8.39E-03 0.40 69.98 - 0.11 - 0.002 - -
NIST610-02 - - 8.37E-03 0.40 69.98 - 0.11 - 0.002 - -
NIST610-03 - - 8.25E-03 0.40 69.98 - 0.11 - 0.002 - -
Average - - 8.34E-03 0.40 - - - - - - -
PEGA and NIST 610 SIMS Standard Data Oct 17/17
Sample 6Li/30Si 1S(%) 10B/30Si 1S(%) SiO2 Li2O B2O3
TAN-700-1 2.27E-01 0.09 1.30E-01 0.10 60.53 1.05 1.97
TAN-700-2 2.30E-01 0.08 1.31E-01 0.10 60.53 1.06 1.98
TAN-700-3 2.23E-01 0.09 1.31E-01 0.10 60.53 1.03 1.99
TAN-700-4 2.18E-01 0.09 1.30E-01 0.10 60.53 1.01 1.97
TAN-700-5 2.16E-01 0.09 1.33E-01 0.10 60.53 1.00 2.02
TAN-700-6 2.24E-01 0.09 1.31E-01 0.10 60.53 1.04 1.99
Average 2.23E-01 0.09 1.31E-01 0.10 - 1.03 1.98
Standard deviation 
(1 sigma)
0.01 0.00 0.00 0.00 - 0.02 0.02
Li2O and B2O3 SIMS Data for TAN-700
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Appendix H: EPMA data for all experiment run products (20 spots analyzed per 
experiment) for McNeil (2018, Chapter 3). H2O is calculated by difference from the 
total. Li2O and B2O3 are entered as estimates based on starting glass composition. 
Detection limits are (in ppm): Na – 900; F – 1700; Si – 800; Al – 700; K – 450; Ti – 
500; Ca – 170; Ta – 1000; Ce – 1400; La – 1700; P – 700; Nb – 750; Sr – 1350; Mn – 
350; Sn – 500; Sc – 200; and Fe – 375. Experiment descriptions are provided above 
the respective data.  
Ti-WOD-850: Titanowodginite dissolution experiment at 850 °C, 200 MPa, 5 days 
 
Ti-WOD-800-1: Titanowodginite dissolution experiment at 800 °C, 200 MPa, 5 days 
 
Point Comment
Na2O 
(Mass%)
F 
(Mass%)
F Oxy. 
Eq.
SiO2 
(Mass%)
Al2O3 
(Mass%)
FeO 
(Mass%)
CoO 
(Mass%)
NiO 
(Mass%)
Ta2O5 
(Mass%)
MnO 
(Mass%)
P2O5 
(Mass%)
K2O 
(Mass%)
TiO2 
(Mass%)
H2O 
(Mass%)
B2O3 
(Mass%)
Li2O 
(Mass%)
Total 
(Mass%)
1 Ti-WOD-850_01 7.039 1.124 -0.562 58.002 15.774 0.015 0.056 -0.022 3.565 0.54 1.487 3.955 0.703 5.324 2 1 94.676
2 Ti-WOD-850_02 6.763 0.866 -0.433 57.79 15.785 -0.071 0.04 -0.03 3.676 0.588 1.374 3.89 0.697 6.065 2 1 93.935
3 Ti-WOD-850_03 7.039 0.981 -0.491 57.968 16.034 -0.009 0.062 -0.037 3.705 0.584 1.452 3.958 0.676 5.078 2 1 94.923
4 Ti-WOD-850_04 6.796 0.88 -0.440 58.259 15.96 -0.021 -0.015 0.045 3.648 0.594 1.526 4.011 0.698 5.059 2 1 94.941
5 Ti-WOD-850_05 6.662 0.863 -0.432 58.075 15.616 -0.021 -0.031 0.011 3.639 0.553 1.456 3.932 0.664 6.013 2 1 93.988
6 Ti-WOD-850_06 6.86 0.825 -0.413 57.304 15.738 -0.051 0.001 -0.011 3.537 0.54 1.514 3.977 0.704 6.474 2 1 93.526
7 Ti-WOD-850_07 6.752 1.014 -0.507 57.801 15.776 0.023 0.033 0.048 3.627 0.611 1.465 3.929 0.68 5.748 2 1 94.252
8 Ti-WOD-850_08 6.885 0.927 -0.464 58.152 15.725 0.017 -0.026 0.056 3.545 0.578 1.461 3.879 0.712 5.552 2 1 94.448
9 Ti-WOD-850_09 6.674 0.867 -0.434 58.401 16.026 0.024 -0.028 0.022 3.668 0.605 1.479 3.968 0.693 5.034 2 1 94.966
10 Ti-WOD-850_10 6.788 0.843 -0.422 58.416 15.714 -0.039 0.045 -0.015 3.629 0.598 1.55 3.951 0.692 5.250 2 1 94.751
11 Ti-WOD-850_11 6.826 0.853 -0.427 58.461 15.871 0.012 0.033 -0.004 3.587 0.63 1.518 3.871 0.688 5.081 2 1 94.920
12 Ti-WOD-850_12 6.843 0.89 -0.445 58.698 15.759 -0.017 -0.034 0.022 3.524 0.629 1.397 3.917 0.698 5.119 2 1 94.881
13 Ti-WOD-850_13 6.75 0.853 -0.427 58.289 16.192 -0.072 -0.001 0.03 3.535 0.582 1.535 3.847 0.701 5.186 2 1 94.815
14 Ti-WOD-850_14 6.867 0.716 -0.358 58.56 16.043 -0.018 -0.015 -0.007 3.643 0.6 1.526 3.988 0.725 4.730 2 1 95.270
15 Ti-WOD-850_15 6.667 0.744 -0.372 58.443 15.8 -0.063 0.026 0.037 3.639 0.586 1.429 3.926 0.712 5.426 2 1 94.574
16 Ti-WOD-850_16 7.136 0.965 -0.483 58.496 15.941 0.001 0.045 -0.011 3.645 0.593 1.436 3.938 0.733 4.564 2 1 95.436
17 Ti-WOD-850_17 6.789 0.736 -0.368 58.225 15.707 0.001 -0.077 0.033 3.671 0.627 1.595 3.95 0.692 5.419 2 1 94.581
18 Ti-WOD-850_18 6.757 0.852 -0.426 58.437 15.999 0.004 -0.033 0.074 3.558 0.688 1.559 3.932 0.711 4.888 2 1 95.112
19 Ti-WOD-850_19 6.888 0.875 -0.438 58.717 15.998 -0.046 0.062 -0.056 3.56 0.569 1.431 3.951 0.7 4.789 2 1 95.212
20 Ti-WOD-850_20 6.676 0.839 -0.420 58.75 15.882 -0.044 -0.005 0.004 3.592 0.597 1.462 3.964 0.751 4.951 2 1 95.049
ASI 1.02
Minimum 6.662 0.716 -0.562 57.304 15.616 -0.072 -0.077 -0.056 3.524 0.540 1.374 3.847 0.664 4.564 2.000 1.000 93.526
Maximum 7.136 1.124 -0.358 58.750 16.192 0.024 0.062 0.074 3.705 0.688 1.595 4.011 0.751 6.474 2.000 1.000 95.436
Average 6.823 0.876 -0.438 58.262 15.867 -0.019 0.007 0.009 3.610 0.595 1.483 3.937 0.702 5.287 2.000 1.000 94.713
Sigma 0.129 0.095 0.048 0.361 0.150 0.031 0.039 0.034 0.055 0.034 0.057 0.041 0.020 0.484 0.000 0.000 0.484
Point Comment
Na2O 
(Mass%)
F 
(Mass%)
F Oxy. 
Eq.
Al2O3 
(Mass%)
SiO2 
(Mass%)
CoO 
(Mass%)
NiO 
(Mass%)
FeO 
(Mass%)
P2O5 
(Mass%)
Ta2O5 
(Mass%)
MnO 
(Mass%)
K2O 
(Mass%)
CaO 
(Mass%)
TiO2 
(Mass%)
B2O3 
(Mass%)
Li2O 
(Mass%)
H2O 
(Mass%)
Total 
(Mass%)
21 Ti-WOD-800-1_01 6.840 1.020 -0.429 16.435 59.712 0.026 -0.034 -0.002 1.458 2.816 0.509 3.929 0.012 0.564 2.000 1.000 4.144 95.856
22 Ti-WOD-800-1_02 6.907 0.863 -0.363 16.133 59.413 -0.004 0.000 0.062 1.363 2.918 0.482 3.956 -0.002 0.557 2.000 1.000 4.715 95.285
23 Ti-WOD-800-1_03 7.047 0.904 -0.381 16.264 59.664 0.000 -0.045 0.038 1.556 3.016 0.488 3.922 0.016 0.558 2.000 1.000 3.953 96.047
24 Ti-WOD-800-1_04 6.821 0.956 -0.403 15.967 59.388 -0.005 -0.026 -0.031 1.440 3.152 0.470 3.927 0.001 0.557 2.000 1.000 4.786 95.214
25 Ti-WOD-800-1_05 6.942 0.988 -0.416 16.110 59.424 -0.042 0.000 0.025 1.459 2.980 0.510 3.952 0.015 0.556 2.000 1.000 4.497 95.503
26 Ti-WOD-800-1_06 6.775 0.770 -0.324 15.989 59.186 0.079 0.000 0.054 1.638 2.974 0.460 3.888 0.008 0.531 2.000 1.000 4.972 95.028
27 Ti-WOD-800-1_07 6.830 0.905 -0.381 15.827 59.093 -0.007 0.026 -0.042 1.419 2.910 0.473 4.005 0.019 0.558 2.000 1.000 5.365 94.635
28 Ti-WOD-800-1_08 6.904 0.859 -0.362 15.587 59.195 0.011 -0.052 0.021 1.519 3.031 0.445 3.962 0.006 0.544 2.000 1.000 5.330 94.670
29 Ti-WOD-800-1_09 6.634 0.676 -0.285 15.648 59.082 -0.018 0.011 0.056 1.583 3.082 0.475 4.021 0.002 0.535 2.000 1.000 5.498 94.502
30 Ti-WOD-800-1_10 6.829 0.978 -0.412 15.568 59.222 -0.057 0.011 -0.007 1.513 3.116 0.498 3.993 0.013 0.554 2.000 1.000 5.181 94.819
31 Ti-WOD-800-1_11 6.642 0.938 -0.395 15.425 58.992 0.061 0.030 -0.049 1.479 3.122 0.461 3.952 -0.001 0.537 2.000 1.000 5.806 94.194
32 Ti-WOD-800-1_12 6.830 0.890 -0.375 15.630 58.557 -0.011 0.034 0.076 1.347 2.867 0.487 3.842 0.021 0.538 2.000 1.000 6.267 93.733
33 Ti-WOD-800-1_13 6.759 0.857 -0.361 15.590 58.431 -0.014 0.000 -0.010 1.482 2.702 0.498 3.841 0.011 0.567 2.000 1.000 6.647 93.353
34 Ti-WOD-800-1_14 6.892 0.876 -0.369 16.265 58.853 0.052 0.057 0.027 1.400 2.844 0.422 3.958 0.013 0.543 2.000 1.000 5.167 94.833
35 Ti-WOD-800-1_15 7.057 0.867 -0.365 16.180 59.076 -0.030 0.008 0.060 1.444 2.855 0.469 3.928 0.007 0.552 2.000 1.000 4.892 95.108
36 Ti-WOD-800-1_16 7.395 0.922 -0.388 16.027 59.144 0.029 0.038 0.005 1.478 2.904 0.460 3.876 0.003 0.538 2.000 1.000 4.569 95.431
37 Ti-WOD-800-1_17 6.909 0.713 -0.300 16.018 58.538 -0.005 0.011 0.063 1.509 2.926 0.451 3.958 0.002 0.546 2.000 1.000 5.661 94.339
38 Ti-WOD-800-1_18 7.009 1.031 -0.434 16.035 59.552 0.018 0.015 0.002 1.491 2.908 0.506 4.012 0.009 0.555 2.000 1.000 4.291 95.709
39 Ti-WOD-800-1_19 6.892 0.701 -0.295 16.138 59.216 -0.053 -0.015 -0.012 1.468 2.766 0.484 3.965 -0.003 0.529 2.000 1.000 5.219 94.781
40 Ti-WOD-800-1_20 7.066 0.910 -0.383 16.241 59.223 0.011 -0.015 -0.009 1.477 2.920 0.463 3.917 -0.011 0.545 2.000 1.000 4.645 95.355
ASI 1.02
Minimum 6.634 0.676 -0.434 15.425 58.431 -0.057 -0.052 -0.049 1.347 2.702 0.422 3.841 -0.011 0.529 2.000 1.000 3.953 93.353
Maximum 7.395 1.031 -0.285 16.435 59.712 0.079 0.057 0.076 1.638 3.152 0.510 4.021 0.021 0.567 2.000 1.000 6.647 96.047
Average 6.899 0.881 -0.371 15.954 59.148 0.002 0.003 0.016 1.476 2.940 0.476 3.940 0.007 0.548 2.000 1.000 5.080 94.920
Sigma  0.167 0.100 0.042 0.288 0.350 0.036 0.028 0.037 0.069 0.120 0.023 0.051 0.008 0.011 0.000 0.000 0.685 0.685
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Ti-WOD-800-2: Repeat titanowodginite dissolution experiment at 800 °C, 200 MPa, 
5 days 
 
Ti-WOD-750: Titanowodginite dissolution experiment at 750 °C, 200 MPa, 5 days 
 
 
 
Point Comment
Na2O 
(Mass%)
F 
(Mass%)
F 
Oxy.Eq.
Al2O3 
(Mass%)
SiO2 
(Mass%)
P2O5 
(Mass%)
Ta2O5 
(Mass%)
MnO 
(Mass%)
K2O 
(Mass%)
CaO 
(Mass%)
TiO2 
(Mass%)
B2O3 
(Mass%)
Li2O 
(Mass%)
H2O 
(Mass%)
Total 
(Mass%)
21 TiWOD800-2_01 6.816 0.966 -0.407 15.985 58.785 1.604 2.883 0.49 3.931 -0.003 0.54 2 1 5.410 94.590
22 TiWOD800-2_02 6.731 0.856 -0.360 16.101 59.148 1.471 2.69 0.485 4.007 0.011 0.568 2 1 5.292 94.708
23 TiWOD800-2_03 6.744 0.909 -0.383 15.832 58.893 1.571 2.744 0.497 3.991 -0.009 0.538 2 1 5.673 94.327
24 TiWOD800-2_04 6.927 0.723 -0.304 16.095 59.044 1.411 2.946 0.45 3.987 0.002 0.524 2 1 5.195 94.805
25 TiWOD800-2_05 6.999 0.862 -0.363 16.067 58.763 1.579 2.712 0.463 3.924 -0.011 0.51 2 1 5.495 94.505
26 TiWOD800-2_06 6.88 0.775 -0.326 15.925 58.806 1.546 2.739 0.467 4.068 0.012 0.544 2 1 5.564 94.436
27 TiWOD800-2_07 6.673 0.784 -0.330 15.927 58.686 1.612 2.755 0.448 4.006 0.003 0.517 2 1 5.919 94.081
28 TiWOD800-2_08 6.513 0.853 -0.359 16.166 58.997 1.433 2.893 0.5 3.921 0.008 0.558 2 1 5.517 94.483
29 TiWOD800-2_09 6.927 1.002 -0.422 15.954 58.741 1.506 2.727 0.502 3.958 0.036 0.517 2 1 5.552 94.448
30 TiWOD800-2_10 6.573 0.981 -0.413 16.024 58.673 1.568 2.755 0.495 3.99 0.02 0.521 2 1 5.813 94.187
31 TiWOD800-2_11 6.922 0.67 -0.282 16.073 58.366 1.515 2.892 0.43 3.986 0.016 0.521 2 1 5.891 94.109
32 TiWOD800-2_12 6.941 1.062 -0.447 15.961 59.386 1.53 2.807 0.507 4.038 0.013 0.522 2 1 4.680 95.320
33 TiWOD800-2_13 6.773 0.679 -0.286 16.146 59.938 1.445 2.784 0.449 3.962 0.005 0.512 2 1 4.593 95.407
34 TiWOD800-2_14 7.13 0.759 -0.320 16.065 59.369 1.575 2.749 0.496 3.93 0.009 0.534 2 1 4.704 95.296
35 TiWOD800-2_15 6.899 0.905 -0.381 15.781 59.187 1.502 2.711 0.473 3.962 0.019 0.498 2 1 5.444 94.556
36 TiWOD800-2_16 6.863 0.944 -0.397 15.995 59.358 1.561 3.073 0.487 4.001 -0.002 0.529 2 1 4.588 95.412
37 TiWOD800-2_17 6.74 0.739 -0.311 16.077 59.14 1.455 2.811 0.493 3.993 0.009 0.516 2 1 5.338 94.662
38 TiWOD800-2_18 6.831 0.772 -0.325 15.938 58.897 1.577 2.735 0.484 3.995 0.02 0.548 2 1 5.528 94.472
39 TiWOD800-2_19 6.801 0.827 -0.348 16.024 59.11 1.465 2.696 0.467 4.006 0.005 0.519 2 1 5.428 94.572
40 TiWOD800-2_20 6.562 0.944 -0.397 15.869 58.849 1.412 2.724 0.469 3.973 0.016 0.565 2 1 6.014 93.986
ASI 1.03
Minimum 6.513 0.670 -0.447 15.781 58.366 1.411 2.690 0.430 3.921 -0.011 0.498 2.000 1.000 4.588 93.986
Maximum 7.130 1.062 -0.282 16.166 59.938 1.612 3.073 0.507 4.068 0.036 0.568 2.000 1.000 6.014 95.412
Average 6.812 0.851 -0.358 16.000 59.007 1.517 2.791 0.478 3.981 0.009 0.530 2.000 1.000 5.382 94.618
Sigma 0.154 0.112 0.047 0.103 0.344 0.065 0.099 0.022 0.038 0.011 0.019 0.000 0.000 0.435 0.435
Point Comment
Na2O 
(Mass%)
F 
(Mass%)
F Oxy. 
Eq.
SiO2 
(Mass%)
Al2O3 
(Mass%)
FeO 
(Mass%)
CoO 
(Mass%)
NiO 
(Mass%)
Ta2O5 
(Mass%)
MnO 
(Mass%)
P2O5 
(Mass%)
K2O 
(Mass%)
TiO2 
(Mass%)
H2O 
(Mass%)
B2O3 
(Mass%)
Li2O 
(Mass%)
Total 
(Mass%)
1 Ti-WOD-750_01 6.823 0.803 -0.338 60.264 16.588 -0.013 -0.004 -0.004 2.26 0.368 1.232 3.95 0.48 4.591 2 1 95.409
2 Ti-WOD-750_02 6.992 0.779 -0.328 59.414 16.373 -0.012 -0.063 0.034 2.402 0.423 1.5 3.848 0.456 5.182 2 1 94.818
3 Ti-WOD-750_03 6.811 0.743 -0.313 60.439 16.406 -0.009 -0.016 0.034 2.479 0.403 1.332 3.892 0.48 4.319 2 1 95.681
4 Ti-WOD-750_04 7.074 1.075 -0.453 60.005 16.196 0.044 -0.027 -0.041 2.392 0.398 1.619 3.906 0.458 4.354 2 1 95.646
5 Ti-WOD-750_05 6.827 0.982 -0.413 60.035 16.606 -0.02 -0.067 -0.011 2.275 0.427 1.471 4.017 0.475 4.396 2 1 95.604
6 Ti-WOD-750_06 7.249 0.816 -0.344 59.66 16.466 0.053 -0.074 -0.03 2.384 0.452 1.516 3.997 0.485 4.370 2 1 95.630
7 Ti-WOD-750_07 6.792 0.911 -0.384 60.014 16.463 0.018 0.004 -0.011 2.447 0.441 1.394 3.875 0.449 4.587 2 1 95.413
8 Ti-WOD-750_08 6.799 0.953 -0.401 59.842 16.46 0.025 -0.091 0.049 2.429 0.456 1.594 3.924 0.467 4.494 2 1 95.506
9 Ti-WOD-750_09 7.299 0.886 -0.373 59.59 16.613 0.05 0.005 0.045 2.346 0.438 1.459 3.867 0.479 4.296 2 1 95.704
10 Ti-WOD-750_10 7.077 1.082 -0.456 59.724 16.306 -0.011 0.067 -0.023 2.463 0.38 1.427 4.008 0.46 4.496 2 1 95.504
11 Ti-WOD-750_11 6.849 0.939 -0.395 60.134 16.573 0.022 -0.008 0.06 2.457 0.387 1.501 3.861 0.478 4.142 2 1 95.858
12 Ti-WOD-750_12 6.907 0.847 -0.357 60.221 16.159 0.022 -0.019 0.011 2.345 0.448 1.496 3.957 0.467 4.496 2 1 95.504
13 Ti-WOD-750_13 7.093 1.033 -0.435 59.816 16.322 -0.02 0.066 0.023 2.515 0.409 1.579 3.942 0.464 4.193 2 1 95.807
14 Ti-WOD-750_14 6.696 1.129 -0.475 59.747 16.532 -0.027 -0.07 0.041 2.495 0.421 1.585 3.956 0.454 4.516 2 1 95.484
15 Ti-WOD-750_15 7.284 0.925 -0.389 59.874 16.409 -0.003 -0.007 -0.004 2.337 0.415 1.482 3.928 0.435 4.314 2 1 95.686
16 Ti-WOD-750_16 7.098 0.964 -0.406 59.525 16.408 0.012 0.003 0.023 2.419 0.411 1.513 3.907 0.493 4.630 2 1 95.370
17 Ti-WOD-750_17 6.986 0.952 -0.401 60.201 16.234 -0.024 -0.04 -0.079 2.527 0.443 1.469 3.98 0.43 4.322 2 1 95.678
18 Ti-WOD-750_18 6.891 0.956 -0.403 60.151 16.277 -0.002 0.027 -0.034 2.381 0.39 1.442 3.989 0.465 4.470 2 1 95.530
19 Ti-WOD-750_19 7.099 0.912 -0.384 58.842 16.392 -0.015 0.013 -0.075 2.496 0.437 1.624 3.863 0.444 5.352 2 1 94.648
20 Ti-WOD-750_20 7.099 0.851 -0.358 59.717 16.379 0.009 0.013 -0.03 2.413 0.392 1.491 3.967 0.469 4.588 2 1 95.412
ASI 1.04
Minimum 6.696 0.743 -0.475 58.842 16.159 -0.027 -0.091 -0.079 2.260 0.368 1.232 3.848 0.430 4.142 2.000 1.000 94.648
Maximum 7.299 1.129 -0.313 60.439 16.613 0.053 0.067 0.060 2.527 0.456 1.624 4.017 0.493 5.352 2.000 1.000 95.858
Average 6.987 0.927 -0.390 59.861 16.408 0.005 -0.014 -0.001 2.413 0.417 1.486 3.932 0.464 4.505 2.000 1.000 95.495
Sigma 0.177 0.103 0.043 0.362 0.134 0.025 0.044 0.040 0.075 0.026 0.095 0.053 0.017 0.294 0.000 0.000 0.294
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Ti-WOD-700-1: Titanowodginite dissolution experiment at 700 °C, 200 MPa, 5 days 
 
Ti-WOD-700C-1: Titanowodginite crystallization experiment at 700 °C, 200 MPa, 
10-day total duration 
 
 
 
 
Point Comment
Na2O 
(Mass%)
F 
(Mass%)
F Oxy. 
Eq.
Al2O3 
(Mass%)
SiO2 
(Mass%)
CoO 
(Mass%)
NiO 
(Mass%)
FeO 
(Mass%)
P2O5 
(Mass%)
Ta2O5 
(Mass%)
MnO 
(Mass%)
K2O 
(Mass%)
CaO 
(Mass%)
TiO2 
(Mass%)
B2O3 
(Mass%)
Li2O 
(Mass%)
H2O 
(Mass%)
Total 
(Mass%)
1 Ti-WOD-700-1_01 6.907 0.580 -0.244 15.970 59.324 0.005 0.000 0.037 1.445 2.016 0.403 3.943 0.002 0.361 2.000 1.000 6.251 93.749
2 Ti-WOD-700-1_02 6.900 0.844 -0.355 16.275 59.292 -0.033 -0.022 0.042 1.476 1.970 0.375 3.853 0.019 0.366 2.000 1.000 5.998 94.002
3 Ti-WOD-700-1_03 6.559 0.711 -0.299 16.082 59.154 -0.033 -0.105 0.022 1.484 2.011 0.322 3.959 0.012 0.359 2.000 1.000 6.762 93.238
4 Ti-WOD-700-1_04 6.748 0.872 -0.367 16.260 59.031 -0.012 -0.008 0.072 1.471 2.030 0.340 3.939 0.007 0.392 2.000 1.000 6.225 93.775
5 Ti-WOD-700-1_05 6.785 0.692 -0.291 16.171 58.802 0.019 0.015 0.024 1.505 2.255 0.335 3.987 0.022 0.411 2.000 1.000 6.268 93.732
6 Ti-WOD-700-1_06 6.937 0.842 -0.355 16.013 59.431 -0.027 -0.034 0.056 1.483 2.042 0.349 3.956 0.014 0.372 2.000 1.000 5.921 94.079
7 Ti-WOD-700-1_07 6.891 0.848 -0.357 16.236 59.240 0.050 -0.049 0.008 1.563 2.078 0.363 3.872 0.021 0.384 2.000 1.000 5.852 94.148
8 Ti-WOD-700-1_08 7.023 0.700 -0.295 15.991 58.747 0.076 -0.045 0.059 1.449 2.107 0.409 3.907 0.003 0.389 2.000 1.000 6.480 93.520
9 Ti-WOD-700-1_09 6.666 0.906 -0.381 16.259 58.797 -0.023 0.015 -0.020 1.507 1.988 0.363 3.926 0.008 0.375 2.000 1.000 6.614 93.386
10 Ti-WOD-700-1_10 6.734 0.870 -0.366 16.231 59.248 -0.005 -0.004 0.026 1.393 2.097 0.349 3.930 0.001 0.381 2.000 1.000 6.115 93.885
11 Ti-WOD-700-1_11 6.993 0.983 -0.414 16.210 59.285 -0.018 -0.056 0.057 1.595 2.154 0.353 3.933 -0.006 0.397 2.000 1.000 5.534 94.466
12 Ti-WOD-700-1_12 6.662 0.836 -0.352 15.921 59.528 -0.031 0.041 0.010 1.451 1.973 0.306 3.968 0.025 0.394 2.000 1.000 6.268 93.732
13 Ti-WOD-700-1_13 6.564 1.023 -0.431 15.979 59.318 -0.042 -0.019 -0.044 1.419 2.144 0.375 3.975 -0.015 0.410 2.000 1.000 6.344 93.656
14 Ti-WOD-700-1_14 7.100 0.915 -0.385 16.189 58.933 -0.025 0.015 -0.070 1.456 2.016 0.347 3.914 -0.004 0.381 2.000 1.000 6.218 93.782
15 Ti-WOD-700-1_15 6.841 0.920 -0.387 16.489 59.272 0.081 -0.011 0.061 1.497 2.010 0.324 3.885 -0.012 0.407 2.000 1.000 5.623 94.377
16 Ti-WOD-700-1_16 6.751 0.957 -0.403 15.993 58.246 -0.045 -0.008 0.026 1.580 1.935 0.307 3.959 0.023 0.364 2.000 1.000 7.315 92.685
17 Ti-WOD-700-1_17 6.627 0.743 -0.313 16.342 59.046 -0.029 -0.015 0.069 1.498 2.001 0.358 3.935 0.011 0.373 2.000 1.000 6.354 93.646
18 Ti-WOD-700-1_18 6.944 0.805 -0.339 16.142 59.006 -0.034 0.045 -0.044 1.475 2.032 0.342 3.910 0.000 0.377 2.000 1.000 6.339 93.661
19 Ti-WOD-700-1_19 6.765 0.888 -0.374 15.935 59.300 0.040 0.000 0.022 1.524 2.047 0.337 3.961 0.014 0.382 2.000 1.000 6.159 93.841
20 Ti-WOD-700-1_20 6.729 0.875 -0.368 16.002 59.336 -0.052 -0.023 0.051 1.497 2.116 0.331 3.990 -0.013 0.429 2.000 1.000 6.100 93.900
ASI 1.04
Minimum 6.559 0.580 -0.431 15.921 58.246 -0.052 -0.105 -0.070 1.393 1.935 0.306 3.853 -0.015 0.359 2.000 1.000 5.534 92.685
Maximum 7.100 1.023 -0.244 16.489 59.528 0.081 0.045 0.072 1.595 2.255 0.409 3.990 0.025 0.429 2.000 1.000 7.315 94.466
Average 6.806 0.841 -0.354 16.135 59.117 -0.007 -0.013 0.023 1.488 2.051 0.349 3.935 0.007 0.385 2.000 1.000 6.237 93.763
Sigma  0.153 0.109 0.046 0.156 0.300 0.040 0.034 0.040 0.050 0.076 0.027 0.037 0.012 0.019 0.000 0.000 0.390 0.390
Point Comment
Na2O 
(Mass%)
F 
(Mass%)
F Oxy. 
Eq.
SiO2 
(Mass%)
Al2O3 
(Mass%)
FeO 
(Mass%)
CoO 
(Mass%)
NiO 
(Mass%)
Ta2O5 
(Mass%)
MnO 
(Mass%)
P2O5 
(Mass%)
K2O 
(Mass%)
TiO2 
(Mass%)
H2O 
(Mass%)
B2O3 
(Mass%)
Li2O 
(Mass%)
Total 
(Mass%)
1 Ti-WOD-700C-1_01 6.817 0.79 -0.333 59.635 16.457 -0.003 -0.016 0.041 2.142 0.371 1.49 3.943 0.376 5.290 2 1 94.710
2 Ti-WOD-700C-1_02 7.069 1.106 -0.466 59.392 16.205 -0.012 -0.038 0.008 2.048 0.369 1.377 3.889 0.362 5.691 2 1 94.309
3 Ti-WOD-700C-1_03 6.88 1.062 -0.447 58.886 16.221 -0.01 -0.017 0 2.063 0.343 1.341 3.962 0.373 6.343 2 1 93.657
4 Ti-WOD-700C-1_04 6.893 0.91 -0.383 59.307 16.377 -0.021 0.007 -0.026 2.17 0.324 1.374 3.984 0.379 5.705 2 1 94.295
5 Ti-WOD-700C-1_05 7.007 0.915 -0.385 59.258 16.454 0.001 0.024 0.124 2.131 0.355 1.364 3.995 0.39 5.367 2 1 94.633
6 Ti-WOD-700C-1_06 6.727 0.914 -0.385 59.299 15.967 0.093 0.077 0.03 2.169 0.345 1.436 3.917 0.383 6.028 2 1 93.972
7 Ti-WOD-700C-1_07 7.039 0.697 -0.293 59.686 16.578 0.052 -0.024 0.023 2.172 0.403 1.485 3.943 0.417 4.822 2 1 95.178
8 Ti-WOD-700C-1_08 6.974 0.735 -0.309 59.22 16.34 0.007 -0.022 0.008 2.179 0.372 1.481 3.989 0.381 5.645 2 1 94.355
9 Ti-WOD-700C-1_09 7.162 0.792 -0.333 59.284 16.168 0.02 -0.062 -0.03 2.164 0.319 1.578 3.891 0.384 5.663 2 1 94.337
10 Ti-WOD-700C-1_10 7.126 0.99 -0.417 59.398 16.155 -0.06 0.04 0.034 2.249 0.434 1.541 3.938 0.404 5.168 2 1 94.832
11 Ti-WOD-700C-1_11 6.872 0.817 -0.344 59.719 16.001 0.022 -0.038 -0.015 2.126 0.398 1.325 3.923 0.388 5.806 2 1 94.194
12 Ti-WOD-700C-1_12 6.878 0.891 -0.375 58.814 16.21 0.062 -0.005 -0.004 2.281 0.368 1.502 3.931 0.395 6.052 2 1 93.948
13 Ti-WOD-700C-1_13 7.082 0.775 -0.326 59.236 16.209 0.05 -0.024 0.011 2.163 0.363 1.485 3.86 0.374 5.742 2 1 94.258
14 Ti-WOD-700C-1_14 6.939 0.859 -0.362 58.702 16.199 0.066 0.035 0 2.119 0.378 1.528 3.917 0.381 6.239 2 1 93.761
15 Ti-WOD-700C-1_15 6.714 1.079 -0.454 58.891 16.396 0.004 0 -0.011 2.077 0.394 1.257 3.887 0.408 6.358 2 1 93.642
16 Ti-WOD-700C-1_16 6.869 0.856 -0.360 59.481 16.383 -0.031 0.003 -0.056 2.048 0.341 1.515 3.866 0.404 5.681 2 1 94.319
17 Ti-WOD-700C-1_17 6.617 0.912 -0.384 58.853 16.002 -0.016 -0.017 -0.011 2.41 0.448 1.445 3.94 0.479 6.322 2 1 93.678
18 Ti-WOD-700C-1_18 6.994 1.024 -0.431 59.756 16.493 0.023 0.067 0.038 2.112 0.391 1.474 3.964 0.408 4.687 2 1 95.313
19 Ti-WOD-700C-1_19 6.898 0.897 -0.378 59.352 16.037 0.007 0.027 0.034 2.211 0.374 1.511 3.945 0.438 5.647 2 1 94.353
20 Ti-WOD-700C-1_20 6.923 1.007 -0.424 59.219 16.23 -0.022 0.005 -0.038 2.074 0.403 1.544 4.023 0.384 5.672 2 1 94.328
ASI 1.04
Minimum 6.617 0.697 -0.466 58.702 15.967 -0.060 -0.062 -0.056 2.048 0.319 1.257 3.860 0.362 4.687 2 1 93.642
Maximum 7.162 1.106 -0.293 59.756 16.578 0.093 0.077 0.124 2.410 0.448 1.578 4.023 0.479 6.358 2 1 95.313
Average 6.924 0.901 -0.380 59.269 16.254 0.012 0.001 0.008 2.155 0.375 1.453 3.935 0.395 5.696 2 1 94.304
Sigma  0.140 0.116 0.049 0.310 0.176 0.038 0.035 0.038 0.087 0.033 0.086 0.044 0.027 0.467 0 0 0.467
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TAN-850: Tantalite-(Mn) dissolution experiment at 850 °C, 200 MPa, 5 days 
 
TAN-800: Tantalite-(Mn) dissolution experiment at 800 °C, 200 MPa, 5 days 
 
 
 
 
Point Comment
Na2O 
(Mass%)
F 
(Mass%)
F Oxy. 
Eq.
SiO2 
(Mass%)
Al2O3 
(Mass%)
FeO 
(Mass%)
CoO 
(Mass%)
NiO 
(Mass%)
Ta2O5 
(Mass%)
MnO 
(Mass%)
P2O5 
(Mass%)
K2O 
(Mass%)
H2O 
(Mass%)
B2O3 
(Mass%)
Li2O 
(Mass%)
Total 
(Mass%)
1 TAN-850_01 6.935 1.036 -0.436 59.515 16.322 0.039 -0.011 -0.041 4.065 0.727 1.487 3.921 3.441 2 1 96.559
2 TAN-850_02 6.611 0.997 -0.420 59.565 16.086 -0.025 0 0.015 4.103 0.738 1.444 3.923 3.963 2 1 96.037
3 TAN-850_03 6.821 0.78 -0.328 59.19 16.265 -0.049 -0.023 -0.053 3.966 0.73 1.515 3.913 4.273 2 1 95.727
4 TAN-850_04 6.926 0.95 -0.400 59.117 16.23 -0.008 -0.043 0.022 4.114 0.725 1.389 3.923 4.055 2 1 95.945
5 TAN-850_05 6.772 1.128 -0.475 59.822 16.216 0.04 0.007 0.034 4.042 0.714 1.497 3.958 3.245 2 1 96.755
6 TAN-850_06 7.144 0.988 -0.416 59.606 16.24 0.001 0.058 0.038 3.988 0.698 1.336 3.896 3.423 2 1 96.577
7 TAN-850_07 7.075 0.827 -0.348 59.563 16.455 0.068 0.003 0.026 4.025 0.803 1.363 3.903 3.237 2 1 96.763
8 TAN-850_08 7.198 1.029 -0.433 59.456 16.151 -0.016 -0.051 0.038 4.01 0.745 1.501 3.911 3.461 2 1 96.539
9 TAN-850_09 7.099 0.889 -0.374 59.74 16.489 0.015 0.025 -0.019 3.942 0.739 1.537 3.912 3.006 2 1 96.994
10 TAN-850_10 6.843 1.006 -0.424 59.255 16.009 0.008 0.007 0.045 4.177 0.674 1.43 3.943 4.027 2 1 95.973
11 TAN-850_11 6.939 1.006 -0.424 59.445 16.371 0.018 0.023 0.038 4.087 0.785 1.492 3.94 3.280 2 1 96.720
12 TAN-850_12 6.802 0.993 -0.418 58.756 16.068 0.003 0 0.049 4.045 0.746 1.389 3.87 4.697 2 1 95.303
13 TAN-850_13 7.151 0.818 -0.344 59.171 16.171 0.067 -0.019 0.004 3.968 0.698 1.398 3.934 3.983 2 1 96.017
14 TAN-850_14 6.841 0.908 -0.382 59.305 16.286 0.032 -0.098 -0.011 4.122 0.717 1.503 3.872 3.905 2 1 96.095
15 TAN-850_15 7.001 0.878 -0.370 59.541 16.048 -0.013 -0.019 0.026 4.139 0.755 1.484 3.962 3.568 2 1 96.432
16 TAN-850_16 7.011 0.99 -0.417 59.168 16.409 0.011 0.011 0.004 3.806 0.707 1.47 3.813 4.017 2 1 95.983
17 TAN-850_17 6.869 0.911 -0.384 59.311 16.014 -0.054 -0.033 0.015 4.097 0.775 1.457 3.892 4.130 2 1 95.870
18 TAN-850_18 6.833 0.954 -0.402 59.394 16.285 -0.03 0.008 -0.011 4.001 0.718 1.457 3.93 3.863 2 1 96.137
19 TAN-850_19 6.73 0.893 -0.376 59.704 16.116 0.033 -0.019 0.004 4.035 0.738 1.427 3.927 3.788 2 1 96.212
20 TAN-850_20 6.964 0.786 -0.331 59.64 16.249 -0.019 -0.009 -0.011 4.144 0.692 1.575 3.861 3.459 2 1 96.541
ASI 1.04
Minimum 6.611 0.780 -0.475 58.756 16.009 -0.054 -0.098 -0.053 3.806 0.674 1.336 3.813 3.006 2.000 1.000 95.303
Maximum 7.198 1.128 -0.328 59.822 16.489 0.068 0.058 0.049 4.177 0.803 1.575 3.962 4.697 2.000 1.000 96.994
Average 6.928 0.938 -0.395 59.413 16.224 0.006 -0.009 0.011 4.044 0.731 1.458 3.910 3.741 2.000 1.000 96.259
Sigma 0.154 0.092 0.039 0.257 0.142 0.034 0.033 0.028 0.086 0.032 0.061 0.036 0.422 0.000 0.000 0.422
Point Comment
Na2O 
(Mass%)
F 
(Mass%)
F Oxy. 
Eq.
Al2O3 
(Mass%)
SiO2 
(Mass%)
CoO 
(Mass%)
NiO 
(Mass%)
FeO 
(Mass%)
P2O5 
(Mass%)
Ta2O5 
(Mass%)
MnO 
(Mass%)
K2O 
(Mass%)
CaO 
(Mass%)
B2O3 
(Mass%)
Li2O 
(Mass%)
H2O 
(Mass%)
Total 
(Mass%)
1 TAN-800_01 6.712 0.955 -0.402 15.66 59.592 -0.035 0.052 0.003 1.443 3.126 0.65 4.006 0.015 2 1 5.223 94.777
2 TAN-800_02 6.687 0.881 -0.371 15.476 59.428 0.007 -0.041 0.044 1.342 3.332 0.582 3.906 0.017 2 1 5.710 94.290
3 TAN-800_03 6.751 1.043 -0.439 15.828 59.657 0.035 -0.041 -0.019 1.457 3.04 0.605 3.982 -0.012 2 1 5.113 94.887
4 TAN-800_04 6.541 0.801 -0.337 15.625 59.881 0.01 0.004 -0.005 1.657 3.311 0.626 3.968 0.006 2 1 4.912 95.088
5 TAN-800_05 6.703 0.878 -0.370 15.705 59.995 -0.121 0.045 0.095 1.463 3.242 0.588 3.978 0.006 2 1 4.793 95.207
6 TAN-800_06 6.724 0.96 -0.404 15.873 60.033 0.061 -0.023 0.02 1.461 3.35 0.571 3.923 0.027 2 1 4.424 95.576
7 TAN-800_07 6.972 1.027 -0.432 15.91 60.279 -0.061 0.019 0.014 1.535 3.308 0.601 3.978 0.008 2 1 3.842 96.158
8 TAN-800_08 6.711 0.7 -0.295 15.744 59.872 -0.038 -0.012 -0.039 1.561 3.15 0.615 3.907 0.019 2 1 5.105 94.895
9 TAN-800_09 6.684 0.687 -0.289 16.108 60.86 -0.044 0 0.067 1.539 3.112 0.655 3.896 -0.004 2 1 3.729 96.271
10 TAN-800_10 6.715 0.846 -0.356 16.039 60.629 -0.073 -0.008 -0.005 1.539 3.298 0.583 3.931 0.009 2 1 3.853 96.147
11 TAN-800_11 6.677 0.792 -0.333 15.955 60.234 -0.065 -0.02 -0.026 1.437 3.128 0.568 3.86 0.007 2 1 4.786 95.214
12 TAN-800_12 6.705 0.911 -0.384 16.099 59.796 0.003 -0.02 0.011 1.444 3.191 0.599 3.947 -0.002 2 1 4.700 95.300
13 TAN-800_13 7.059 0.885 -0.373 16.189 59.753 -0.081 0.035 0.016 1.566 3.146 0.661 3.905 0.002 2 1 4.237 95.763
14 TAN-800_14 6.963 0.909 -0.383 15.891 60.131 -0.03 0 0.032 1.496 3.265 0.575 3.939 -0.004 2 1 4.216 95.784
15 TAN-800_15 7.21 1.012 -0.426 16.011 60.265 0.023 0.068 -0.024 1.425 3.189 0.589 3.936 0.012 2 1 3.710 96.290
16 TAN-800_16 6.666 0.809 -0.341 15.738 60.545 -0.016 -0.106 -0.026 1.51 3.243 0.582 3.856 0.013 2 1 4.527 95.473
17 TAN-800_17 6.581 0.757 -0.319 15.741 60.104 -0.05 -0.029 0.017 1.438 3.176 0.591 3.857 0.012 2 1 5.124 94.876
18 TAN-800_18 6.46 0.613 -0.258 15.846 59.781 -0.008 -0.047 0.003 1.579 3.113 0.592 3.968 0.009 2 1 5.349 94.651
19 TAN-800_19 6.618 0.878 -0.370 15.883 60.085 0.035 0 0.111 1.481 3.136 0.58 3.909 -0.003 2 1 4.657 95.343
20 TAN-800_20 6.704 0.921 -0.388 15.668 59.511 -0.036 -0.036 0.058 1.535 3.219 0.599 3.927 -0.021 2 1 5.339 94.661
ASI 1.03
Minimum 6.460 0.613 -0.439 15.476 59.428 -0.121 -0.106 -0.039 1.342 3.040 0.568 3.856 -0.021 2.000 1.000 3.710 94.290
Maximum 7.210 1.043 -0.258 16.189 60.860 0.061 0.068 0.111 1.657 3.350 0.661 4.006 0.027 2.000 1.000 5.710 96.290
Average 6.742 0.863 -0.363 15.849 60.022 -0.024 -0.008 0.017 1.495 3.204 0.601 3.929 0.006 2.000 1.000 4.667 95.333
Sigma 0.179 0.115 0.048 0.184 0.377 0.045 0.040 0.041 0.070 0.087 0.028 0.043 0.011 0.000 0.000 0.590 0.590
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TAN-800-2: Repeat tantalite-(Mn) dissolution experiment at 800 °C, 200 MPa, 5 
days 
 
TAN-750: Tantalite-(Mn) dissolution experiment at 750 °C, 200 MPa, 5 days 
 
 
 
Point Comment
Na2O 
(Mass%)
F 
(Mass%)
F 
Oxy.Eq.
Al2O3 
(Mass%)
SiO2 
(Mass%)
P2O5 
(Mass%)
Ta2O5 
(Mass%)
MnO 
(Mass%)
K2O 
(Mass%)
CaO 
(Mass%)
TiO2 
(Mass%)
B2O3 
(Mass%)
Li2O 
(Mass%)
H2O 
(Mass%)
Total 
(Mass%)
1 TAN800-2_01 6.869 0.694 -0.292 15.787 59.119 1.4 3.287 0.624 4.023 0.028 0.009 2 1 5.452 94.548
2 TAN800-2_02 6.772 0.784 -0.330 16.257 58.364 1.393 3.2 0.625 4.013 0.006 -0.009 2 1 5.925 94.075
3 TAN800-2_03 6.584 0.947 -0.399 15.847 58.958 1.506 3.184 0.599 4.002 -0.001 -0.012 2 1 5.785 94.215
4 TAN800-2_04 7.147 0.944 -0.397 16.008 58.828 1.421 3.373 0.612 3.953 0.017 0.009 2 1 5.085 94.915
5 TAN800-2_05 6.898 0.936 -0.394 16.127 59.233 1.413 3.374 0.569 4.044 -0.019 0.001 2 1 4.818 95.182
6 TAN800-2_06 6.904 0.75 -0.316 15.81 59.072 1.46 3.294 0.613 4.069 0.011 0 2 1 5.333 94.667
7 TAN800-2_07 6.611 0.621 -0.261 15.762 59.395 1.396 3.378 0.579 4.029 0.031 -0.001 2 1 5.460 94.540
8 TAN800-2_08 6.828 0.913 -0.384 16.108 58.906 1.435 3.124 0.534 4.027 -0.007 -0.014 2 1 5.530 94.470
9 TAN800-2_09 6.61 0.878 -0.370 16.151 59.461 1.406 3.287 0.613 3.999 0.001 -0.015 2 1 4.979 95.021
10 TAN800-2_10 6.893 0.774 -0.326 15.991 59.502 1.467 3.237 0.57 3.975 0.006 -0.008 2 1 4.919 95.081
11 TAN800-2_11 6.778 0.804 -0.339 15.955 58.854 1.449 3.248 0.643 3.976 0.01 0.003 2 1 5.619 94.381
12 TAN800-2_12 6.713 0.9 -0.379 16.166 59.188 1.58 3.184 0.571 3.912 -0.003 0.005 2 1 5.163 94.837
13 TAN800-2_13 6.784 0.933 -0.393 16.014 58.892 1.587 3.16 0.565 3.97 0.008 0.005 2 1 5.475 94.525
14 TAN800-2_14 6.752 0.664 -0.280 15.992 58.833 1.478 3.011 0.579 3.995 -0.002 -0.01 2 1 5.988 94.012
15 TAN800-2_15 6.894 0.871 -0.367 15.994 59.517 1.451 3.17 0.608 3.976 0.001 -0.001 2 1 4.886 95.114
16 TAN800-2_16 6.904 0.826 -0.348 16.304 58.966 1.442 3.187 0.632 3.99 0.008 0.006 2 1 5.083 94.917
17 TAN800-2_17 6.555 0.756 -0.318 16.098 59.375 1.544 3.017 0.624 3.947 0.016 0.009 2 1 5.377 94.623
18 TAN800-2_18 6.69 0.962 -0.405 16.239 59.185 1.507 3.302 0.647 3.974 0.006 -0.008 2 1 4.901 95.099
19 TAN800-2_19 6.936 0.909 -0.383 16.196 59.346 1.627 3.178 0.576 4.049 0.008 0.019 2 1 4.539 95.461
20 TAN800-2_20 6.585 0.68 -0.286 15.943 59.131 1.426 3.312 0.561 3.948 -0.001 -0.006 2 1 5.707 94.293
ASI 1.04
Minimum 6.555 0.621 -0.405 15.762 58.364 1.393 3.011 0.534 3.912 -0.019 -0.015 2.000 1.000 4.539 94.012
Maximum 7.147 0.962 -0.261 16.304 59.517 1.627 3.378 0.647 4.069 0.031 0.019 2.000 1.000 5.988 95.461
Average 6.785 0.827 -0.348 16.037 59.106 1.469 3.225 0.597 3.994 0.006 -0.001 2.000 1.000 5.301 94.699
Sigma 0.152 0.107 0.045 0.159 0.289 0.069 0.105 0.031 0.039 0.011 0.009 0.000 0.000 0.398 0.398
Point Comment
Na2O 
(Mass%)
F 
(Mass%)
F Oxy. 
Eq.
SiO2 
(Mass%)
Al2O3 
(Mass%)
FeO 
(Mass%)
CoO 
(Mass%)
NiO 
(Mass%)
Ta2O5 
(Mass%)
MnO 
(Mass%)
P2O5 
(Mass%)
K2O 
(Mass%)
H2O 
(Mass%)
B2O3 
(Mass%)
Li2O 
(Mass%)
Total 
(Mass%)
21 TAN-750_01 7.008 1.031 -0.434 59.48 16.329 -0.024 -0.059 0 3.034 0.497 1.519 3.894 4.725 2 1 95.275
22 TAN-750_02 7.097 0.861 -0.363 59.045 16.358 -0.025 0.066 -0.038 2.81 0.524 1.593 3.89 5.182 2 1 94.818
23 TAN-750_03 6.66 0.905 -0.381 58.772 16.164 -0.017 0.017 -0.015 2.813 0.472 1.487 3.92 6.203 2 1 93.797
24 TAN-750_04 7.103 0.827 -0.348 59.165 16.261 0.031 0.012 0 2.831 0.519 1.228 3.932 5.439 2 1 94.561
25 TAN-750_05 7.112 0.752 -0.317 58.974 16.412 0.012 -0.001 0.045 2.878 0.505 1.513 3.937 5.178 2 1 94.822
26 TAN-750_06 7.235 0.88 -0.371 59.283 16.431 -0.017 0.094 -0.008 2.901 0.501 1.34 3.872 4.859 2 1 95.141
27 TAN-750_07 6.924 1.005 -0.423 59.321 15.998 0.008 0.056 -0.049 2.778 0.53 1.535 3.967 5.350 2 1 94.650
28 TAN-750_08 6.771 0.805 -0.339 58.34 16.108 -0.029 -0.024 -0.038 3.045 0.518 1.252 3.804 6.787 2 1 93.213
29 TAN-750_09 6.535 0.976 -0.411 58.649 16.358 0.084 0.031 -0.075 2.991 0.55 1.381 3.887 6.044 2 1 93.956
30 TAN-750_10 6.734 0.924 -0.389 58.719 16.249 -0.042 -0.012 -0.03 2.812 0.514 1.42 3.865 6.236 2 1 93.764
31 TAN-750_11 6.779 0.719 -0.303 58.516 16.228 0.031 0.025 0.008 2.949 0.548 1.491 3.949 6.060 2 1 93.940
32 TAN-750_12 6.843 0.931 -0.392 58.852 16.042 0.089 0.011 0.056 2.93 0.541 1.522 3.864 5.711 2 1 94.289
33 TAN-750_13 7.013 0.701 -0.295 58.848 16.121 0.02 0.038 -0.011 2.954 0.531 1.545 3.88 5.655 2 1 94.345
34 TAN-750_14 6.7 0.859 -0.362 59.09 16.18 0.057 -0.056 -0.034 2.907 0.494 1.488 3.964 5.713 2 1 94.287
35 TAN-750_15 6.873 0.867 -0.365 59.067 15.784 0.006 -0.012 0.008 2.91 0.538 1.575 3.937 5.812 2 1 94.188
36 TAN-750_16 7.03 1.031 -0.434 59.119 16.03 0.004 -0.001 -0.011 2.746 0.554 1.499 3.99 5.443 2 1 94.557
37 TAN-750_17 6.844 1.01 -0.425 58.669 16.139 0.029 -0.036 -0.015 2.852 0.533 1.513 3.887 6.000 2 1 94.000
38 TAN-750_18 7.196 1.047 -0.441 58.738 16.27 0.01 -0.052 0.045 3.031 0.501 1.575 3.984 5.096 2 1 94.904
39 TAN-750_19 6.584 1.167 -0.491 58.189 16.22 0.065 0.046 0.038 2.872 0.532 1.414 3.959 6.405 2 1 93.595
40 TAN-750_20 6.83 0.973 -0.410 59.422 16.12 -0.023 0.028 0.008 3 0.538 1.425 4.01 5.079 2 1 94.921
ASI 1.04
Minimum 6.535 0.701 -0.491 58.189 15.784 -0.042 -0.059 -0.075 2.746 0.472 1.228 3.804 4.725 2.000 1.000 93.213
Maximum 7.235 1.167 -0.295 59.480 16.431 0.089 0.094 0.056 3.045 0.554 1.593 4.010 6.787 2.000 1.000 95.275
Average 6.894 0.914 -0.385 58.913 16.190 0.013 0.009 -0.006 2.902 0.522 1.466 3.920 5.649 2.000 1.000 94.351
Sigma 0.201 0.120 0.050 0.348 0.157 0.038 0.042 0.034 0.089 0.022 0.102 0.052 0.549 0.000 0.000 0.549
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TAN-750C: Tantalite-(Mn) crystallization experiment at 750 °C, 200 MPa, 10-day 
total duration 
 
TAN-700: Tantalite-(Mn) dissolution experiment at 700 °C, 200 MPa, 5 days 
 
 
 
Point Comment
Na2O 
(Mass%)
F 
(Mass%)
F Oxy. 
Eq.
SiO2 
(Mass%)
Al2O3 
(Mass%)
FeO 
(Mass%)
CoO 
(Mass%)
NiO 
(Mass%)
Ta2O5 
(Mass%)
MnO 
(Mass%)
P2O5 
(Mass%)
K2O 
(Mass%)
H2O 
(Mass%)
B2O3 
(Mass%)
Li2O 
(Mass%)
Total 
(Mass%)
41 TAN-750C_01 6.868 0.794 -0.334 58.79 16.289 0.045 -0.012 0.038 3.135 0.635 1.661 3.982 5.109 2 1 94.891
42 TAN-750C_02 6.794 0.945 -0.398 58.814 16.156 0.07 0.012 0.004 3.4 0.623 1.519 4.025 5.036 2 1 94.964
43 TAN-750C_03 6.785 0.954 -0.402 58.829 16.221 0.026 0.015 -0.026 3.17 0.55 1.349 3.992 5.537 2 1 94.463
44 TAN-750C_04 6.869 0.768 -0.323 59.104 16.073 -0.006 0.003 0.008 3.023 0.594 1.555 3.928 5.404 2 1 94.596
45 TAN-750C_05 7.215 0.71 -0.299 58.861 16.167 0.001 -0.016 0.038 2.82 0.599 1.477 3.902 5.525 2 1 94.475
46 TAN-750C_06 7.145 0.966 -0.407 59.569 16.321 -0.003 0.024 0.004 2.785 0.568 1.344 3.888 4.796 2 1 95.204
47 TAN-750C_07 6.987 0.73 -0.307 59.284 16.141 0.031 0.044 0 2.933 0.544 1.5 3.947 5.166 2 1 94.834
48 TAN-750C_08 6.968 0.82 -0.345 59.031 16.152 0.023 -0.039 0.023 2.863 0.572 1.477 3.921 5.534 2 1 94.466
49 TAN-750C_09 7.015 1.039 -0.437 59.141 16.149 -0.01 -0.001 0.038 3.01 0.593 1.504 3.956 5.003 2 1 94.997
50 TAN-750C_10 6.776 0.933 -0.393 58.411 16.203 0.011 0.024 -0.004 2.646 0.599 1.594 3.974 6.226 2 1 93.774
51 TAN-750C_11 6.973 0.791 -0.333 58.696 16.135 0.008 0.03 0.094 2.805 0.596 1.551 3.949 5.705 2 1 94.295
52 TAN-750C_12 6.972 1.014 -0.427 58.959 15.945 0.02 -0.005 -0.004 2.962 0.619 1.28 4.007 5.658 2 1 94.342
53 TAN-750C_13 7.003 0.816 -0.344 58.544 16.411 0.009 0.019 -0.008 2.814 0.553 1.436 3.957 5.790 2 1 94.210
54 TAN-750C_14 7.124 0.776 -0.327 58.493 16.168 0.061 -0.027 0.03 2.863 0.545 1.511 3.918 5.865 2 1 94.135
55 TAN-750C_15 7.076 0.976 -0.411 59.133 16.048 0.025 0.05 -0.019 2.953 0.574 1.507 4.02 5.068 2 1 94.932
56 TAN-750C_16 6.855 0.821 -0.346 59.095 16.312 0.047 0.051 -0.068 2.763 0.572 1.561 3.963 5.374 2 1 94.626
57 TAN-750C_17 6.953 0.851 -0.358 58.776 16.111 0.005 0.001 -0.004 2.836 0.596 1.378 3.948 5.907 2 1 94.093
58 TAN-750C_18 7.016 0.924 -0.389 58.997 16.275 0.007 0.001 0.008 2.74 0.567 1.435 3.956 5.463 2 1 94.537
59 TAN-750C_19 6.927 0.794 -0.334 58.919 16.114 -0.089 0.04 0.011 2.89 0.594 1.681 3.926 5.527 2 1 94.473
60 TAN-750C_20 7.042 1.051 -0.443 58.362 16.266 0.027 0.005 0.038 2.812 0.623 1.629 3.989 5.599 2 1 94.401
ASI 1.03
Minimum 6.776 0.710 -0.443 58.362 15.945 -0.089 -0.039 -0.068 2.646 0.544 1.280 3.888 4.796 2.000 1.000 93.774
Maximum 7.215 1.051 -0.299 59.569 16.411 0.070 0.051 0.094 3.400 0.635 1.681 4.025 6.226 2.000 1.000 95.204
Average 6.968 0.874 -0.368 58.890 16.183 0.015 0.011 0.010 2.911 0.586 1.497 3.957 5.465 2.000 1.000 94.535
Sigma 0.120 0.106 0.044 0.301 0.108 0.033 0.025 0.033 0.173 0.027 0.106 0.038 0.355 0.000 0.000 0.355
Point Comment
Na2O 
(Mass%)
F 
(Mass%)
F Oxy. 
Eq.
Al2O3 
(Mass%)
SiO2 
(Mass%)
CoO 
(Mass%)
NiO 
(Mass%)
FeO 
(Mass%)
P2O5 
(Mass%)
Ta2O5 
(Mass%)
MnO 
(Mass%)
K2O 
(Mass%)
CaO 
(Mass%)
B2O3 
(Mass%)
Li2O 
(Mass%)
H2O 
(Mass%)
Total 
(Mass%)
21 TAN-700_01 6.563 0.906 -0.381 16.125 59.951 -0.018 0.041 0.02 1.162 2.643 0.346 3.793 0 2 1 5.849 94.151
22 TAN-700_02 6.839 0.844 -0.355 15.882 59.398 0.018 0.007 -0.01 1.263 2.729 0.367 3.781 0.013 2 1 6.224 93.776
23 TAN-700_03 6.651 1.025 -0.432 15.752 60.243 -0.015 -0.019 -0.001 1.298 2.546 0.34 3.726 -0.01 2 1 5.896 94.104
24 TAN-700_04 6.748 0.852 -0.359 16.234 61.08 -0.03 0.037 -0.001 1.138 2.922 0.36 3.752 -0.01 2 1 4.277 95.723
25 TAN-700_05 6.514 0.919 -0.387 16.018 60.056 0.047 0.045 0.081 1.171 2.844 0.401 3.648 -0.029 2 1 5.672 94.328
26 TAN-700_06 6.5 0.743 -0.313 15.675 60.21 -0.014 -0.037 0.028 1.299 2.742 0.373 3.762 0 2 1 6.032 93.968
27 TAN-700_07 6.758 0.577 -0.243 15.795 60.176 -0.016 -0.041 0.01 1.189 2.741 0.374 3.638 -0.009 2 1 6.051 93.949
28 TAN-700_08 6.628 0.82 -0.345 15.587 59.961 0.015 0.019 0.002 1.152 2.618 0.368 3.749 0.002 2 1 6.424 93.576
29 TAN-700_09 6.726 0.655 -0.276 16.011 60.842 -0.003 0.037 -0.004 1.436 2.83 0.366 3.856 0.001 2 1 4.523 95.477
30 TAN-700_10 6.228 0.97 -0.408 15.89 60.733 -0.022 0.052 0.057 1.256 2.693 0.344 3.721 0.012 2 1 5.474 94.526
31 TAN-700_11 6.339 0.957 -0.403 15.855 60.664 0.007 -0.045 -0.017 1.238 2.683 0.376 3.79 -0.001 2 1 5.557 94.443
32 TAN-700_12 6.995 0.881 -0.371 16.285 61.138 0.037 -0.056 0.011 1.224 2.746 0.357 3.792 0.018 2 1 3.943 96.057
33 TAN-700_13 6.621 0.832 -0.350 16.356 60.187 0.037 -0.06 0.029 1.243 2.761 0.391 3.785 0.01 2 1 5.158 94.842
34 TAN-700_14 6.463 0.891 -0.375 15.696 60.141 -0.015 0 -0.036 1.2 2.574 0.385 3.796 0.005 2 1 6.275 93.725
35 TAN-700_15 6.475 0.785 -0.331 15.828 60.897 0.028 -0.007 -0.023 1.264 2.761 0.363 3.838 -0.005 2 1 5.127 94.873
36 TAN-700_16 6.893 0.672 -0.283 16.42 60.652 0.031 0.015 0.013 1.292 2.821 0.406 3.77 -0.009 2 1 4.307 95.693
37 TAN-700_17 6.652 0.853 -0.359 15.899 60.834 0.07 0 -0.006 1.184 2.577 0.325 3.816 0.006 2 1 5.149 94.851
38 TAN-700_18 6.688 0.683 -0.288 15.835 60.893 0.011 0.011 0.051 1.403 2.825 0.367 3.797 -0.008 2 1 4.732 95.268
39 TAN-700_19 6.807 0.688 -0.290 15.924 61.47 -0.04 0.03 0.015 1.227 2.669 0.376 3.797 0.003 2 1 4.324 95.676
40 TAN-700_20 6.484 0.905 -0.381 16.161 61.136 -0.014 -0.004 -0.023 1.319 2.565 0.365 3.844 0.007 2 1 4.636 95.364
ASI 1.06
Minimum 6.228 0.577 -0.432 15.587 59.398 -0.040 -0.060 -0.036 1.138 2.546 0.325 3.638 -0.029 2.000 1.000 3.943 93.576
Maximum 6.995 1.025 -0.243 16.420 61.470 0.070 0.052 0.081 1.436 2.922 0.406 3.856 0.018 2.000 1.000 6.424 96.057
Average 6.629 0.823 -0.346 15.961 60.533 0.006 0.001 0.010 1.248 2.715 0.368 3.773 0.000 2.000 1.000 5.281 94.719
Sigma 0.189 0.119 0.050 0.234 0.523 0.029 0.035 0.029 0.079 0.105 0.020 0.057 0.011 0.000 0.000 0.772 0.772
278 
 
COL-850-1: Columbite-(Mn) dissolution experiment at 850 °C, 200 MPa, 5 days 
 
COL-800: Columbite-(Mn) dissolution experiment at 800 °C, 200 MPa, 5 days 
 
 
 
 
Point Comment
Na2O 
(Mass%)
F 
(Mass%)
F Oxy. 
Eq.
SiO2 
(Mass%)
Al2O3 
(Mass%)
FeO 
(Mass%)
CoO 
(Mass%)
NiO 
(Mass%)
MnO 
(Mass%)
P2O5 
(Mass%)
K2O 
(Mass%)
Nb2O5 
(Mass%)
H2O 
(Mass%)
B2O3 
(Mass%)
Li2O 
(Mass%)
Total 
(Mass%)
61 COL-850-1_01 6.882 0.586 -0.247 59.189 16.401 0.029 -0.03 -0.03 0.5 1.482 4 1.839 6.399 2 1 93.601
62 COL-850-1_02 6.918 0.87 -0.366 58.674 16.486 -0.051 0.029 0.05 0.512 1.24 3.908 1.957 6.773 2 1 93.227
63 COL-850-1_03 6.834 0.939 -0.395 58.815 16.234 -0.026 0.012 -0.038 0.514 1.466 3.924 2.024 6.697 2 1 93.303
64 COL-850-1_04 7.166 0.842 -0.355 58.978 16.285 -0.002 0.029 -0.027 0.494 1.593 3.899 2.102 5.996 2 1 94.004
65 COL-850-1_05 7.07 1.047 -0.441 58.686 16.346 0.003 0.086 0.034 0.511 1.47 3.95 1.921 6.317 2 1 93.683
66 COL-850-1_06 7.025 0.856 -0.360 58.378 16.545 0.023 -0.031 0.027 0.526 1.404 3.919 1.915 6.773 2 1 93.227
67 COL-850-1_07 7.036 0.835 -0.352 58.792 16.24 -0.007 0.044 0.046 0.507 1.496 3.938 2.073 6.352 2 1 93.648
68 COL-850-1_08 6.922 0.915 -0.385 58.544 15.9 -0.048 0.022 0.004 0.527 1.509 3.881 2.12 7.089 2 1 92.911
69 COL-850-1_09 7.168 0.84 -0.354 58.499 16.316 0.015 -0.01 0.027 0.509 1.519 3.977 1.88 6.614 2 1 93.386
70 COL-850-1_10 7.229 0.767 -0.323 58.399 16.308 0.021 -0.072 0.034 0.524 1.517 4.023 2.121 6.452 2 1 93.548
71 COL-850-1_11 7.114 1.01 -0.425 58.463 16.277 -0.046 0.008 0.061 0.502 1.402 3.944 2.037 6.653 2 1 93.347
72 COL-850-1_12 6.828 0.815 -0.343 58.571 16.176 0.077 -0.074 0.057 0.534 1.562 3.907 2.037 6.853 2 1 93.147
73 COL-850-1_13 6.769 0.868 -0.365 58.794 16.336 0.007 0.02 0.027 0.543 1.523 3.917 1.954 6.607 2 1 93.393
74 COL-850-1_14 7.346 0.864 -0.364 58.49 16.297 -0.011 0.011 0.008 0.518 1.44 3.954 1.979 6.468 2 1 93.532
75 COL-850-1_15 7.17 0.734 -0.309 58.397 16.091 0.016 0.022 0.023 0.542 1.419 3.969 1.975 6.951 2 1 93.049
76 COL-850-1_16 6.858 0.738 -0.311 58.748 16.426 0.001 -0.001 -0.053 0.536 1.389 3.96 1.926 6.783 2 1 93.217
77 COL-850-1_17 6.939 0.879 -0.370 58.527 16.145 -0.011 0.012 -0.023 0.543 1.502 3.99 1.988 6.879 2 1 93.121
78 COL-850-1_18 6.974 0.84 -0.354 58.513 16.381 -0.011 0.036 0.015 0.522 1.458 3.924 2.003 6.699 2 1 93.301
79 COL-850-1_19 6.765 0.77 -0.324 58.242 16.347 0.023 0.025 -0.031 0.547 1.512 3.868 1.91 7.346 2 1 92.654
80 COL-850-1_20 7.125 0.952 -0.401 58.31 16.345 0.024 0.021 -0.034 0.547 1.547 4.039 1.82 6.705 2 1 93.295
ASI 1.03
Minimum 6.765 0.586 -0.441 58.242 15.900 -0.051 -0.074 -0.053 0.494 1.240 3.868 1.820 5.996 2.000 1.000 92.654
Maximum 7.346 1.047 -0.247 59.189 16.545 0.077 0.086 0.061 0.547 1.593 4.039 2.121 7.346 2.000 1.000 94.004
Average 7.007 0.848 -0.357 58.600 16.294 0.001 0.008 0.009 0.523 1.473 3.945 1.979 6.670 2.000 1.000 93.330
Sigma 0.164 0.102 0.043 0.235 0.143 0.030 0.037 0.035 0.017 0.077 0.045 0.087 0.297 0.000 0.000 0.297
Point Comment
Na2O 
(Mass%)
F 
(Mass%)
F Oxy. 
Eq.
Al2O3 
(Mass%)
SiO2 
(Mass%)
CoO 
(Mass%)
NiO 
(Mass%)
FeO 
(Mass%)
P2O5 
(Mass%)
Nb2O5 
(Mass%)
MnO 
(Mass%)
K2O 
(Mass%)
CaO 
(Mass%)
B2O3 
(Mass%)
Li2O 
(Mass%)
H2O 
(Mass%)
Total 
(Mass%)
1 COL-800_01 7.299 0.94 -0.396 16.055 59.278 -0.056 0.035 -0.033 1.385 1.436 0.428 4.036 0.014 2 1 6.579 93.421
2 COL-800_02 7.163 0.831 -0.350 16.068 58.811 0.086 0.01 -0.076 1.592 1.553 0.382 3.927 -0.004 2 1 7.007 92.993
3 COL-800_03 7.022 0.846 -0.356 16.398 59.65 0.003 0.023 0.021 1.411 1.389 0.385 3.963 -0.006 2 1 6.251 93.749
4 COL-800_04 7.064 0.772 -0.325 16.002 59.424 -0.015 0.021 0.011 1.41 1.379 0.418 3.924 0.002 2 1 6.913 93.087
5 COL-800_05 7.029 0.724 -0.305 15.858 59.113 -0.05 0.042 0.037 1.358 1.404 0.4 3.86 0.011 2 1 7.519 92.481
6 COL-800_06 6.871 0.834 -0.351 16.438 59.433 0.004 -0.068 -0.03 1.518 1.357 0.4 3.888 0.012 2 1 6.694 93.306
7 COL-800_07 7.351 0.89 -0.375 16.075 59.518 0.045 -0.06 0.097 1.442 1.436 0.376 3.908 0.004 2 1 6.293 93.707
8 COL-800_08 6.703 0.847 -0.357 16.022 58.745 0.052 0 0.003 1.47 1.333 0.416 3.884 -0.008 2 1 7.890 92.110
9 COL-800_09 6.811 0.817 -0.344 16.256 59.571 -0.049 0.008 -0.027 1.531 1.455 0.395 3.904 -0.01 2 1 6.682 93.318
10 COL-800_10 7.033 0.954 -0.402 16.064 59.042 0.09 0.012 -0.061 1.356 1.538 0.431 3.839 -0.005 2 1 7.109 92.891
11 COL-800_11 7.149 0.855 -0.360 16.117 58.424 0.006 -0.047 -0.024 1.57 1.419 0.403 3.986 0.02 2 1 7.482 92.518
12 COL-800_12 7.075 0.77 -0.324 15.542 58.652 -0.044 0.018 0.008 1.376 1.56 0.404 3.816 0.02 2 1 8.127 91.873
13 COL-800_13 6.843 0.896 -0.377 15.826 58.983 0.102 -0.037 -0.007 1.346 1.446 0.432 3.835 0.021 2 1 7.691 92.309
14 COL-800_14 6.844 0.594 -0.250 16.106 59.411 0.005 0.013 -0.094 1.437 1.43 0.384 3.889 0.018 2 1 7.213 92.787
15 COL-800_15 7.454 0.938 -0.395 15.918 59.089 -0.049 0.051 0.01 1.399 1.444 0.379 3.773 0.019 2 1 6.970 93.030
16 COL-800_16 6.872 0.733 -0.309 16.369 58.85 0.052 0.032 0.069 1.464 1.468 0.424 3.855 0.011 2 1 7.110 92.890
17 COL-800_17 7.157 0.99 -0.417 15.993 58.773 -0.084 0.059 0.08 1.349 1.576 0.445 3.856 0.03 2 1 7.193 92.807
18 COL-800_18 6.749 0.744 -0.313 15.747 58.971 0.022 -0.067 0.073 1.358 1.405 0.446 3.825 0.025 2 1 8.015 91.985
19 COL-800_19 7.058 0.758 -0.319 15.908 59.227 -0.039 -0.053 0.012 1.429 1.442 0.349 3.808 0.02 2 1 7.400 92.600
20 COL-800_20 7.4 0.811 -0.341 16.064 59.028 0.02 -0.02 -0.07 1.548 1.669 0.372 3.845 0.003 2 1 6.671 93.329
ASI 1.02
Minimum 6.703 0.594 -0.417 15.542 58.424 -0.084 -0.068 -0.094 1.346 1.333 0.349 3.773 -0.010 2.000 1.000 6.251 91.873
Maximum 7.454 0.990 -0.250 16.438 59.650 0.102 0.059 0.097 1.592 1.669 0.446 4.036 0.030 2.000 1.000 8.127 93.749
Average 7.047 0.827 -0.348 16.041 59.100 0.005 -0.001 0.000 1.437 1.457 0.403 3.881 0.010 2.000 1.000 7.140 92.860
Sigma 0.217 0.095 0.040 0.218 0.335 0.054 0.041 0.054 0.078 0.083 0.026 0.064 0.012 0.000 0.000 0.538 0.538
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COL-800-2: Repeat columbite-(Mn) dissolution experiment at 800 °C, 200 MPa, 5 
days 
 
COL-750: Columbite-(Mn) dissolution experiment at 750 °C, 200 MPa, 5 days 
 
 
 
Point Comment
Na2O 
(Mass%)
F 
(Mass%)
F Oxy. 
Eq.
SiO2 
(Mass%)
Al2O3 
(Mass%)
FeO 
(Mass%)
CoO 
(Mass%)
NiO 
(Mass%)
MnO 
(Mass%)
P2O5 
(Mass%)
K2O 
(Mass%)
Nb2O5 
(Mass%)
H2O 
(Mass%)
B2O3 
(Mass%)
Li2O 
(Mass%)
Total 
(Mass%)
1 COL-800-2_01 6.662 0.974 -0.410 58.901 16.187 0.007 0.039 0.053 0.42 1.516 4.025 1.503 7.123 2 1 92.877
2 COL-800-2_02 6.897 0.868 -0.365 58.673 16.695 0.028 0.038 0.015 0.399 1.495 3.907 1.587 6.763 2 1 93.237
3 COL-800-2_03 7.162 0.751 -0.316 59.107 16.706 -0.016 -0.043 -0.011 0.383 1.409 4.01 1.405 6.453 2 1 93.547
4 COL-800-2_04 6.924 1.051 -0.443 59.09 16.252 0.017 0.03 0.019 0.413 1.569 4.03 1.548 6.500 2 1 93.500
5 COL-800-2_05 6.966 0.841 -0.354 59.469 16.325 -0.019 -0.023 0.056 0.418 1.589 3.987 1.43 6.315 2 1 93.685
6 COL-800-2_06 6.511 0.868 -0.365 59.537 16.617 0.025 -0.039 -0.072 0.42 1.549 3.991 1.427 6.531 2 1 93.469
7 COL-800-2_07 6.929 1.042 -0.439 57.962 16.404 0.067 -0.05 0 0.418 1.533 3.928 1.389 7.817 2 1 92.183
8 COL-800-2_08 7.002 0.793 -0.334 59.491 16.496 -0.03 0.025 0.092 0.424 1.542 3.939 1.53 6.030 2 1 93.970
9 COL-800-2_09 7.179 0.89 -0.375 59.205 16.422 0.015 -0.007 0.034 0.376 1.537 4.061 1.63 6.033 2 1 93.967
10 COL-800-2_10 7.131 0.836 -0.352 58.976 16.296 0.019 -0.004 -0.004 0.416 1.668 3.968 1.48 6.570 2 1 93.430
11 COL-800-2_11 7.232 0.912 -0.384 59.329 16.524 0.049 0.001 0.008 0.44 1.419 3.943 1.585 5.942 2 1 94.058
12 COL-800-2_12 6.835 1.007 -0.424 59.336 16.21 0.037 0.082 -0.004 0.4 1.413 4.006 1.522 6.580 2 1 93.420
13 COL-800-2_13 6.794 0.856 -0.360 58.875 16.637 0.003 -0.003 -0.046 0.345 1.541 3.943 1.455 6.960 2 1 93.040
14 COL-800-2_14 6.79 0.772 -0.325 58.744 16.453 0.019 -0.004 0.019 0.387 1.435 3.984 1.499 7.227 2 1 92.773
15 COL-800-2_15 7.066 0.904 -0.381 59.77 16.604 0.02 -0.008 0 0.402 1.439 3.988 1.611 5.585 2 1 94.415
16 COL-800-2_16 6.983 0.935 -0.394 58.928 16.265 -0.067 -0.026 0.023 0.395 1.452 4.031 1.566 6.909 2 1 93.091
17 COL-800-2_17 7.114 0.943 -0.397 59.327 16.391 0.037 -0.085 -0.008 0.382 1.725 3.989 1.591 5.991 2 1 94.009
18 COL-800-2_18 6.84 0.941 -0.396 59.03 16.544 -0.042 0.019 -0.031 0.389 1.417 3.953 1.524 6.812 2 1 93.188
19 COL-800-2_19 7.076 0.938 -0.395 59.16 16.412 0.014 0.016 0 0.424 1.441 4.101 1.623 6.190 2 1 93.810
20 COL-800-2_20 7.244 0.919 -0.387 59.622 16.675 -0.03 -0.03 -0.019 0.423 1.397 3.97 1.709 5.507 2 1 94.493
ASI 1.04
Minimum 6.511 0.751 -0.443 57.962 16.187 -0.067 -0.085 -0.072 0.345 1.397 3.907 1.389 5.507 2.000 1.000 92.183
Maximum 7.244 1.051 -0.316 59.770 16.706 0.067 0.082 0.092 0.440 1.725 4.101 1.709 7.817 2.000 1.000 94.493
Average 6.967 0.902 -0.380 59.127 16.456 0.008 -0.004 0.006 0.404 1.504 3.988 1.531 6.492 2.000 1.000 93.508
Sigma 0.193 0.082 0.035 0.404 0.166 0.033 0.038 0.036 0.022 0.090 0.047 0.084 0.570 0.000 0.000 0.570
Point Comment
Na2O 
(Mass%)
F 
(Mass%)
F Oxy. 
Eq.
SiO2 
(Mass%)
Al2O3 
(Mass%)
FeO 
(Mass%)
CoO 
(Mass%)
NiO 
(Mass%)
MnO 
(Mass%)
P2O5 
(Mass%)
K2O 
(Mass%)
Nb2O5 
(Mass%)
H2O 
(Mass%)
B2O3 
(Mass%)
Li2O 
(Mass%)
Total 
(Mass%)
21 COL-750_01 6.969 0.864 -0.364 59.345 16.408 0.072 -0.008 0.057 0.331 1.493 3.929 1.241 6.663 2 1 93.337
22 COL-750_02 6.714 0.874 -0.368 58.908 16.652 -0.017 0.014 -0.05 0.316 1.532 4.009 1.25 7.166 2 1 92.834
23 COL-750_03 7.155 0.913 -0.384 59.298 16.639 0.03 0.052 -0.019 0.301 1.492 4.014 1.195 6.314 2 1 93.686
24 COL-750_04 6.696 0.811 -0.341 59.011 16.501 0.017 -0.011 0.042 0.315 1.382 4.024 1.124 7.429 2 1 92.571
25 COL-750_05 7.348 0.841 -0.354 59.686 16.7 0.015 0.001 0.034 0.328 1.466 3.939 1.219 5.777 2 1 94.223
26 COL-750_06 7.096 0.846 -0.356 59.601 16.384 0.004 -0.011 0.046 0.318 1.382 3.847 1.271 6.572 2 1 93.428
27 COL-750_07 7.139 0.845 -0.356 59.39 16.597 -0.04 0.003 -0.03 0.359 1.373 3.915 1.167 6.638 2 1 93.362
28 COL-750_08 6.952 0.989 -0.416 59.728 16.669 0.03 -0.01 0.011 0.332 1.412 3.993 1.217 6.093 2 1 93.907
29 COL-750_09 6.952 0.926 -0.390 58.737 16.365 0.046 0.01 -0.072 0.326 1.358 3.998 1.162 7.582 2 1 92.418
30 COL-750_10 7.114 0.861 -0.363 59.83 16.726 0.033 -0.001 -0.057 0.339 1.664 3.944 1.361 5.549 2 1 94.451
31 COL-750_11 7.133 0.792 -0.333 59.428 16.227 0.051 -0.007 -0.038 0.316 1.434 3.991 1.149 6.857 2 1 93.143
32 COL-750_12 7.413 0.949 -0.400 59.326 16.62 0 -0.041 -0.068 0.295 1.473 3.95 1.164 6.319 2 1 93.681
33 COL-750_13 6.907 0.826 -0.348 59.544 16.65 0.035 0.001 0.004 0.321 1.47 3.983 1.133 6.474 2 1 93.526
34 COL-750_14 7.07 0.852 -0.359 59.436 16.604 0.03 -0.014 -0.091 0.307 1.62 3.951 1.117 6.477 2 1 93.523
35 COL-750_15 7.01 0.986 -0.415 58.993 16.536 0.05 0.072 0.008 0.352 1.411 3.977 1.064 6.956 2 1 93.044
36 COL-750_16 6.927 0.805 -0.339 59.52 16.774 0.034 0.026 0 0.322 1.625 3.938 1.205 6.163 2 1 93.837
37 COL-750_17 7.116 0.921 -0.388 58.793 16.263 0.012 0 -0.042 0.325 1.516 3.997 1.323 7.164 2 1 92.836
38 COL-750_18 6.808 1.02 -0.429 58.969 16.293 -0.007 0.041 0.004 0.321 1.565 3.959 1.326 7.130 2 1 92.870
39 COL-750_19 6.937 0.878 -0.370 59.301 16.467 -0.014 -0.072 0 0.371 1.562 4.03 1.189 6.721 2 1 93.279
40 COL-750_20 6.84 0.777 -0.327 59.68 16.498 -0.013 0.03 -0.023 0.346 1.452 3.919 1.341 6.480 2 1 93.520
ASI 1.04
Minimum 6.696 0.777 -0.429 58.737 16.227 -0.040 -0.072 -0.091 0.295 1.358 3.847 1.064 5.549 2.000 1.000 92.418
Maximum 7.413 1.020 -0.327 59.830 16.774 0.072 0.072 0.057 0.371 1.664 4.030 1.361 7.582 2.000 1.000 94.451
Average 7.015 0.879 -0.370 59.326 16.529 0.018 0.004 -0.014 0.327 1.484 3.965 1.211 6.626 2.000 1.000 93.374
Sigma 0.185 0.069 0.029 0.325 0.161 0.028 0.031 0.042 0.019 0.089 0.045 0.082 0.524 0.000 0.000 0.524
280 
 
COL-700: Columbite-(Mn) dissolution experiment at 700 °C, 200 MPa, 5 days 
 
COL-700C-1: Columbite-(Mn) crystallization experiment at 700 °C, 200 MPa, 10-
day total duration 
 
 
 
Point Comment
Na2O 
(Mass%)
F 
(Mass%)
F Oxy. 
Eq.
Al2O3 
(Mass%)
SiO2 
(Mass%)
CoO 
(Mass%)
NiO 
(Mass%)
FeO 
(Mass%)
P2O5 
(Mass%)
Nb2O5 
(Mass%)
MnO 
(Mass%)
K2O 
(Mass%)
CaO 
(Mass%)
B2O3 
(Mass%)
Li2O 
(Mass%)
H2O 
(Mass%)
Total 
(Mass%)
21 COL-700_01 6.667 0.913 -0.384 16.27 59.127 0.021 0.008 0.031 1.592 0.942 0.23 3.93 0.002 2 1 7.651 92.349
22 COL-700_02 7.088 0.815 -0.343 16.119 59.377 -0.04 0.026 0.004 1.442 1.016 0.27 3.952 -0.006 2 1 7.280 92.720
23 COL-700_03 6.922 0.751 -0.316 16.287 59.051 -0.015 -0.026 0.014 1.384 0.939 0.272 3.931 -0.001 2 1 7.807 92.193
24 COL-700_04 6.808 0.68 -0.286 16.067 58.696 -0.068 0.004 0.024 1.413 0.956 0.25 3.921 0.021 2 1 8.514 91.486
25 COL-700_05 6.765 0.676 -0.285 16.463 59.316 0.04 0.041 0.032 1.487 0.844 0.23 3.973 0.001 2 1 7.417 92.583
26 COL-700_06 6.713 0.83 -0.349 16.418 58.995 0.029 0.041 -0.014 1.481 0.864 0.281 3.916 0.011 2 1 7.784 92.216
27 COL-700_07 6.934 0.989 -0.416 16.267 59.283 -0.007 0.015 0.002 1.503 1.062 0.202 4.012 0.004 2 1 7.150 92.850
28 COL-700_08 6.851 0.75 -0.316 16.16 58.904 0.005 -0.03 0.045 1.473 0.891 0.257 4.017 0.025 2 1 7.968 92.032
29 COL-700_09 6.977 0.905 -0.381 16.107 59.202 0.021 0.03 -0.012 1.536 0.893 0.239 3.963 -0.006 2 1 7.526 92.474
30 COL-700_10 6.548 0.495 -0.208 16.162 59.813 0.053 -0.023 0.051 1.462 0.9 0.281 3.923 0.017 2 1 7.526 92.474
31 COL-700_11 6.838 0.731 -0.308 16.696 59.339 -0.003 0 -0.031 1.374 0.994 0.228 3.965 0.008 2 1 7.169 92.831
32 COL-700_12 6.944 0.904 -0.381 16.08 59.594 0.005 0.045 0.033 1.307 0.9 0.254 3.927 -0.001 2 1 7.389 92.611
33 COL-700_13 7.122 0.887 -0.373 16.423 59.016 -0.001 0.042 0.027 1.35 0.974 0.283 3.947 -0.002 2 1 7.305 92.695
34 COL-700_14 6.915 0.862 -0.363 16.147 59.189 0.007 -0.064 0.069 1.539 0.904 0.238 4.004 0.003 2 1 7.550 92.450
35 COL-700_15 6.96 0.713 -0.300 16.459 59.063 -0.012 -0.042 0.019 1.448 0.994 0.247 4.055 0.009 2 1 7.387 92.613
36 COL-700_16 6.913 0.79 -0.333 16.356 59.132 0.027 -0.023 -0.02 1.387 0.907 0.236 3.895 0.02 2 1 7.713 92.287
37 COL-700_17 6.911 0.875 -0.368 16.226 58.967 0.005 0 0.025 1.47 0.967 0.247 4.017 0.019 2 1 7.639 92.361
38 COL-700_18 6.843 0.844 -0.355 16.433 58.986 -0.003 -0.03 0.05 1.352 0.99 0.247 3.965 0.003 2 1 7.675 92.325
39 COL-700_19 6.779 1.009 -0.425 15.959 58.789 -0.045 0.019 -0.009 1.457 0.928 0.247 3.943 -0.003 2 1 8.352 91.648
40 COL-700_20 6.797 0.853 -0.359 16.153 59.211 -0.006 -0.03 0.014 1.281 0.952 0.266 3.939 0.012 2 1 7.917 92.083
ASI 1.04
Minimum 6.548 0.495 -0.425 15.959 58.696 -0.068 -0.064 -0.031 1.281 0.844 0.202 3.895 -0.006 2.000 1.000 7.150 91.486
Maximum 7.122 1.009 -0.208 16.696 59.813 0.053 0.045 0.069 1.592 1.062 0.283 4.055 0.025 2.000 1.000 8.514 92.850
Average 6.865 0.814 -0.343 16.263 59.153 0.001 0.000 0.018 1.437 0.941 0.250 3.960 0.007 2.000 1.000 7.636 92.364
Sigma 0.135 0.120 0.051 0.179 0.261 0.029 0.032 0.026 0.080 0.055 0.021 0.042 0.010 0.000 0.000 0.357 0.357
Point Comment
Na2O 
(Mass%)
F 
(Mass%)
F Oxy. 
Eq.
SiO2 
(Mass%)
Al2O3 
(Mass%)
FeO 
(Mass%)
CoO 
(Mass%)
NiO 
(Mass%)
MnO 
(Mass%)
P2O5 
(Mass%)
K2O 
(Mass%)
Nb2O5 
(Mass%)
H2O 
(Mass%)
B2O3 
(Mass%)
Li2O 
(Mass%)
Total 
(Mass%)
41 COL-700C-1_01 6.707 1.056 -0.445 59.506 16.499 -0.024 -0.015 0 0.241 1.551 3.981 0.992 6.951 2 1 93.049
42 COL-700C-1_02 7.13 0.929 -0.391 59.365 16.334 0.054 0.01 0.004 0.259 1.438 4.011 0.922 6.935 2 1 93.065
43 COL-700C-1_03 7.094 0.972 -0.409 59.104 16.65 0.008 0.007 -0.008 0.295 1.504 4.031 0.852 6.900 2 1 93.100
44 COL-700C-1_04 7.036 0.827 -0.348 59.23 16.529 -0.045 0.068 -0.042 0.282 1.486 4.001 0.919 7.057 2 1 92.943
45 COL-700C-1_05 7.046 1.005 -0.423 59.117 16.634 -0.032 0 0.004 0.223 1.392 4.012 1.007 7.015 2 1 92.985
46 COL-700C-1_06 7.116 0.841 -0.354 58.907 16.443 0.01 -0.045 0.008 0.259 1.432 3.918 0.934 7.531 2 1 92.469
47 COL-700C-1_07 7.139 1.036 -0.436 59.17 16.479 0.014 -0.025 0 0.261 1.498 3.948 1.015 6.901 2 1 93.099
48 COL-700C-1_08 6.893 0.932 -0.392 59.553 16.271 -0.008 -0.04 -0.019 0.275 1.446 3.94 0.932 7.217 2 1 92.783
49 COL-700C-1_09 6.801 0.816 -0.344 59.085 16.438 -0.046 0.061 -0.011 0.246 1.539 4.015 0.91 7.490 2 1 92.510
50 COL-700C-1_10 6.736 0.613 -0.258 59.091 16.243 0.008 0.04 -0.015 0.222 1.607 3.948 0.857 7.908 2 1 92.092
51 COL-700C-1_11 6.941 0.954 -0.402 58.797 16.247 -0.043 0.011 -0.061 0.256 1.426 3.984 0.885 8.005 2 1 91.995
52 COL-700C-1_12 7.07 0.785 -0.331 59.223 16.469 -0.041 0.055 -0.061 0.252 1.486 3.986 0.865 7.242 2 1 92.758
53 COL-700C-1_13 7.001 0.955 -0.402 59.271 16.506 0.009 0.034 0.019 0.264 1.559 4.091 0.939 6.754 2 1 93.246
54 COL-700C-1_14 7.133 0.847 -0.357 59.212 16.345 0.036 0.031 0.076 0.282 1.392 3.923 0.938 7.142 2 1 92.858
55 COL-700C-1_15 7.06 0.901 -0.379 58.982 16.365 0.035 -0.045 0.05 0.275 1.462 4.025 1.016 7.253 2 1 92.747
56 COL-700C-1_16 7.111 0.933 -0.393 58.802 16.564 -0.056 -0.004 -0.011 0.25 1.333 3.966 0.964 7.541 2 1 92.459
57 COL-700C-1_17 7.014 0.92 -0.387 59.222 16.264 0.039 -0.027 0.011 0.239 1.489 3.995 0.84 7.381 2 1 92.619
58 COL-700C-1_18 7.326 0.711 -0.299 59.187 16.462 -0.022 0.001 -0.004 0.238 1.596 3.927 0.982 6.895 2 1 93.105
59 COL-700C-1_19 7.091 0.778 -0.328 59.642 16.659 0.024 0.015 0.011 0.264 1.483 4.026 0.969 6.366 2 1 93.634
60 COL-700C-1_20 7.086 0.827 -0.348 59.409 16.491 -0.004 0.014 0.004 0.258 1.451 4.011 0.989 6.812 2 1 93.188
ASI 1.04
Minimum 6.707 0.613 -0.445 58.797 16.243 -0.056 -0.045 -0.061 0.222 1.333 3.918 0.840 6.366 2.000 1.000 91.995
Maximum 7.326 1.056 -0.258 59.642 16.659 0.054 0.068 0.076 0.295 1.607 4.091 1.016 8.005 2.000 1.000 93.634
Average 7.027 0.882 -0.371 59.194 16.445 -0.004 0.007 -0.002 0.257 1.479 3.987 0.936 7.165 2.000 1.000 92.835
Sigma 0.148 0.110 0.047 0.228 0.131 0.033 0.034 0.032 0.019 0.069 0.044 0.056 0.396 0.000 0.000 0.396
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NWOD-850FG: Wodginite dissolution experiment at 850 °C, 200 MPa, 5 days 
 
NWOD-800FG: Wodginite dissolution experiment at 800 °C, 200 MPa, 5 days 
 
 
 
 
 
Point Comment
Na2O 
(Mass%)
F 
(Mass%)
F Oxy. 
Eq. 
SiO2 
(Mass%)
Al2O3 
(Mass%)
P2O5 
(Mass%)
Ta2O5 
(Mass%)
MnO 
(Mass%)
FeO 
(Mass%)
K2O 
(Mass%)
SnO2 
(Mass%)
Nb2O5 
(Mass%)
TiO2 
(Mass%)
Sc2O3 
(Mass%)
B2O3 
(Mass%)
Li2O 
(Mass%)
H2O 
(Mass%)
Total 
(Mass%)
81 NWOD-850FG_01 7.018 0.955 -0.402 57.665 15.811 1.396 3.675 0.4 0.485 3.771 0.007 0.195 0.061 0.021 2 1 5.942 94.058
82 NWOD-850FG_02 6.404 1.03 -0.434 57.452 15.837 1.533 3.595 0.434 0.494 3.904 0.049 0.262 0.059 0.025 2 1 6.356 93.644
83 NWOD-850FG_03 6.61 0.784 -0.330 57.917 15.92 1.468 3.685 0.369 0.495 3.791 0 0.276 0.051 -0.001 2 1 5.965 94.035
84 NWOD-850FG_04 6.975 0.918 -0.387 57.37 15.894 1.504 3.525 0.429 0.514 3.844 -0.002 0.175 0.061 0.003 2 1 6.177 93.823
85 NWOD-850FG_05 6.725 0.955 -0.402 57.623 15.614 1.478 3.695 0.375 0.496 3.902 -0.001 0.238 0.053 0.016 2 1 6.233 93.767
86 NWOD-850FG_06 7.29 0.974 -0.410 57.185 15.802 1.497 3.582 0.366 0.48 3.87 -0.006 0.178 0.073 0.034 2 1 6.085 93.915
87 NWOD-850FG_07 6.715 0.958 -0.403 57.404 15.624 1.389 3.681 0.362 0.482 3.868 -0.026 0.211 0.048 0.031 2 1 6.656 93.344
88 NWOD-850FG_08 6.82 0.899 -0.379 57.683 15.602 1.383 3.709 0.399 0.496 3.859 0.048 0.287 0.053 0.021 2 1 6.120 93.880
89 NWOD-850FG_09 6.7 1.048 -0.441 57.441 15.715 1.469 3.586 0.371 0.463 3.907 0.042 0.254 0.034 0.011 2 1 6.400 93.600
90 NWOD-850FG_10 6.654 0.912 -0.384 57.37 15.76 1.352 3.66 0.378 0.445 3.906 -0.002 0.228 0.057 0.011 2 1 6.653 93.347
91 NWOD-850FG_11 6.946 1.008 -0.424 57.834 15.552 1.411 3.887 0.377 0.511 3.882 0.008 0.274 0.054 0.01 2 1 5.670 94.330
92 NWOD-850FG_12 6.58 0.895 -0.377 57.534 15.88 1.401 3.704 0.397 0.501 3.765 0.033 0.213 0.062 0.027 2 1 6.385 93.615
93 NWOD-850FG_13 6.987 0.946 -0.398 57.891 15.696 1.535 3.877 0.329 0.494 3.856 0.04 0.221 0.055 0.013 2 1 5.458 94.542
94 NWOD-850FG_14 7.081 1.003 -0.422 57.655 15.697 1.401 3.814 0.36 0.48 3.795 0.034 0.244 0.07 0.019 2 1 5.769 94.231
95 NWOD-850FG_15 6.702 0.95 -0.400 57.764 15.945 1.375 3.875 0.366 0.517 3.805 0.02 0.217 0.048 0.017 2 1 5.799 94.201
96 NWOD-850FG_16 6.867 0.863 -0.363 57.494 15.655 1.441 3.705 0.378 0.534 3.865 0.06 0.305 0.052 0.021 2 1 6.123 93.877
97 NWOD-850FG_17 6.736 1.084 -0.456 57.331 15.438 1.396 3.86 0.376 0.543 3.871 0.051 0.258 0.057 0.002 2 1 6.453 93.547
98 NWOD-850FG_18 6.611 0.758 -0.319 57.945 15.901 1.407 3.795 0.368 0.506 3.866 0.062 0.154 0.063 0.022 2 1 5.861 94.139
99 NWOD-850FG_19 7.107 0.919 -0.387 57.624 15.562 1.42 4.038 0.332 0.527 3.808 0.045 0.083 0.066 0.021 2 1 5.835 94.165
100 NWOD-850FG_20 6.836 1 -0.421 57.809 15.845 1.273 3.819 0.346 0.553 3.788 0.058 0.129 0.069 0.037 2 1 5.859 94.141
ASI 1.02
Minimum 6.404 0.758 -0.456 57.185 15.438 1.273 3.525 0.329 0.445 3.765 -0.026 0.083 0.034 -0.001 2.000 1.000 5.458 93.344
Maximum 7.290 1.084 -0.319 57.945 15.945 1.535 4.038 0.434 0.553 3.907 0.062 0.305 0.073 0.037 2.000 1.000 6.656 94.542
Average 6.818 0.943 -0.397 57.600 15.738 1.426 3.738 0.376 0.501 3.846 0.026 0.220 0.057 0.018 2.000 1.000 6.090 93.910
Sigma  0.215 0.081 0.034 0.217 0.144 0.065 0.129 0.027 0.026 0.047 0.027 0.056 0.009 0.010 0.000 0.000 0.326 0.326
Point Comment
Na2O 
(Mass%)
F 
(Mass%)
F Oxy. 
Eq. 
SiO2 
(Mass%)
Al2O3 
(Mass%)
P2O5 
(Mass%)
Ta2O5 
(Mass%)
MnO 
(Mass%)
FeO 
(Mass%)
K2O 
(Mass%)
SnO2 
(Mass%)
Nb2O5 
(Mass%)
TiO2 
(Mass%)
Sc2O3 
(Mass%)
B2O3 
(Mass%)
Li2O 
(Mass%)
H2O 
(Mass%)
Total 
(Mass%)
41 NWOD-800FG_01 6.825 0.696 -0.293 58.941 16.272 1.461 2.747 0.274 0.243 3.895 0.371 0.274 0.033 0.01 2 1 5.251 94.749
42 NWOD-800FG_02 6.946 0.692 -0.291 58.737 16.274 1.527 2.836 0.285 0.232 3.956 0.339 0.13 0.046 0.018 2 1 5.273 94.727
43 NWOD-800FG_03 6.903 0.719 -0.303 58.735 16.383 1.551 2.838 0.318 0.319 3.899 0.326 0.193 0.032 0.013 2 1 5.074 94.926
44 NWOD-800FG_04 7.095 0.962 -0.405 58.614 15.98 1.508 2.879 0.291 0.283 3.903 0.348 0.215 0.038 0.002 2 1 5.287 94.713
45 NWOD-800FG_05 6.987 0.797 -0.336 58.071 16.189 1.375 2.844 0.299 0.213 3.865 0.378 0.195 0.023 0.009 2 1 6.091 93.909
46 NWOD-800FG_06 6.796 0.903 -0.380 58.737 16.22 1.539 3.041 0.262 0.243 3.957 0.335 0.233 0.039 0.012 2 1 5.063 94.937
47 NWOD-800FG_07 6.798 0.799 -0.336 58.538 16.084 1.494 2.849 0.293 0.232 3.85 0.384 0.228 0.048 0.015 2 1 5.724 94.276
48 NWOD-800FG_08 6.56 0.941 -0.396 59.044 15.906 1.584 2.832 0.288 0.287 3.924 0.404 0.324 0.034 0.003 2 1 5.265 94.735
49 NWOD-800FG_09 6.533 1.011 -0.426 58.658 16.199 1.487 2.763 0.298 0.275 3.918 0.324 0.215 0.037 -0.002 2 1 5.710 94.290
50 NWOD-800FG_10 6.963 0.903 -0.380 58.005 16.207 1.51 3.058 0.287 0.284 3.939 0.367 0.174 0.031 0.01 2 1 5.642 94.358
51 NWOD-800FG_11 6.896 0.829 -0.349 59.009 16.062 1.505 2.824 0.306 0.271 3.953 0.373 0.198 0.052 0 2 1 5.071 94.929
52 NWOD-800FG_12 6.78 0.964 -0.406 58.771 16.232 1.479 2.858 0.271 0.255 3.896 0.366 0.171 0.019 0.006 2 1 5.338 94.662
53 NWOD-800FG_13 6.91 1.036 -0.436 58.327 16.189 1.477 2.695 0.327 0.252 3.972 0.409 0.257 0.051 -0.004 2 1 5.538 94.462
54 NWOD-800FG_14 6.647 1.023 -0.431 57.967 16.124 1.425 2.852 0.293 0.234 3.871 0.37 0.183 0.033 0.019 2 1 6.390 93.610
55 NWOD-800FG_15 6.912 1.056 -0.445 57.852 16.231 1.415 2.863 0.323 0.329 3.963 0.324 0.23 0.045 0.016 2 1 5.886 94.114
56 NWOD-800FG_16 6.668 0.956 -0.403 58.226 15.751 1.511 3.016 0.289 0.278 3.898 0.349 0.165 0.024 0.019 2 1 6.253 93.747
57 NWOD-800FG_17 6.73 0.787 -0.331 57.819 15.676 1.4 2.905 0.256 0.287 3.939 0.35 0.211 0.014 0.008 2 1 6.949 93.051
58 NWOD-800FG_18 6.985 0.945 -0.398 58.623 16.291 1.484 2.849 0.291 0.294 3.97 0.354 0.247 0.024 0.008 2 1 5.033 94.967
59 NWOD-800FG_19 6.734 0.944 -0.397 58.054 16.244 1.484 2.785 0.262 0.274 3.897 0.404 0.199 0.054 0.027 2 1 6.035 93.965
60 NWOD-800FG_20 6.954 0.905 -0.381 57.808 16.006 1.461 2.867 0.29 0.271 3.924 0.355 0.203 0.028 0.009 2 1 6.300 93.700
ASI 1.04
Minimum 6.533 0.692 -0.445 57.808 15.676 1.375 2.695 0.256 0.213 3.850 0.324 0.130 0.014 -0.004 2.000 1.000 5.033 93.051
Maximum 7.095 1.056 -0.291 59.044 16.383 1.584 3.058 0.327 0.329 3.972 0.409 0.324 0.054 0.027 2.000 1.000 6.949 94.967
Average 6.831 0.893 -0.376 58.427 16.126 1.484 2.860 0.290 0.268 3.919 0.362 0.212 0.035 0.010 2.000 1.000 5.659 94.341
Sigma  0.151 0.113 0.048 0.418 0.183 0.051 0.091 0.019 0.030 0.036 0.026 0.043 0.011 0.008 0.000 0.000 0.539 0.539
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NWOD-800FG-2: Repeat wodginite dissolution experiment at 800 °C, 200 MPa, 5 
days 
 
NWOD-750FG: Wodginite dissolution experiment at 750 °C, 200 MPa, 5 days 
 
 
 
 
Point Comment
Na2O 
(Mass%)
F 
(Mass%)
F Oxy. 
Eq. 
SiO2 
(Mass%)
Al2O3 
(Mass%)
P2O5 
(Mass%)
Ta2O5 
(Mass%)
MnO 
(Mass%)
FeO 
(Mass%)
K2O 
(Mass%)
SnO2 
(Mass%)
Nb2O5 
(Mass%)
TiO2 
(Mass%)
Sc2O3 
(Mass%)
B2O3 
(Mass%)
Li2O 
(Mass%)
H2O 
(Mass%)
Total 
(Mass%)
61 NWOD-800FG-2_01 6.934 1.075 -0.453 57.958 16.41 1.493 2.679 0.278 0.261 3.882 0.338 0.301 0.049 0.015 2 1 5.780 94.220
62 NWOD-800FG-2_02 6.632 0.975 -0.411 57.668 15.829 1.507 2.823 0.306 0.268 3.989 0.353 0.236 0.039 0.006 2 1 6.780 93.220
63 NWOD-800FG-2_03 6.798 0.929 -0.391 57.618 16.028 1.563 2.759 0.289 0.249 3.947 0.362 0.181 0.029 0.01 2 1 6.629 93.371
64 NWOD-800FG-2_04 6.612 1 -0.421 57.549 15.998 1.488 2.759 0.309 0.266 3.853 0.346 0.266 0.009 0.007 2 1 6.959 93.041
65 NWOD-800FG-2_05 6.92 1.094 -0.461 57.666 16.051 1.576 2.942 0.292 0.321 3.867 0.376 0.284 0.025 0.012 2 1 6.035 93.965
66 NWOD-800FG-2_06 6.597 0.786 -0.331 57.786 15.893 1.445 2.89 0.281 0.253 3.877 0.373 0.181 0.046 0.004 2 1 6.919 93.081
67 NWOD-800FG-2_07 6.913 0.754 -0.317 57.727 16.078 1.41 2.717 0.294 0.291 3.892 0.399 0.279 0.045 0.015 2 1 6.503 93.497
68 NWOD-800FG-2_08 6.654 0.794 -0.334 57.367 16.093 1.486 2.867 0.241 0.271 3.944 0.396 0.197 0.028 0.008 2 1 6.988 93.012
69 NWOD-800FG-2_09 6.912 0.863 -0.363 57.297 15.943 1.395 2.885 0.303 0.249 3.986 0.416 0.231 0.045 0.011 2 1 6.827 93.173
70 NWOD-800FG-2_10 6.899 1.058 -0.445 57.382 15.746 1.444 2.833 0.301 0.258 3.897 0.389 0.136 0.036 0.004 2 1 7.062 92.938
71 NWOD-800FG-2_11 6.646 0.86 -0.362 57.615 15.885 1.405 2.764 0.304 0.279 3.852 0.4 0.15 0.033 0.014 2 1 7.155 92.845
72 NWOD-800FG-2_12 6.9 0.742 -0.312 57.764 16.03 1.525 2.85 0.315 0.263 3.988 0.358 0.263 0.038 0.012 2 1 6.264 93.736
73 NWOD-800FG-2_13 6.987 0.927 -0.390 57.379 15.856 1.451 2.76 0.302 0.3 3.947 0.333 0.192 0.034 0.007 2 1 6.915 93.085
74 NWOD-800FG-2_14 6.615 0.993 -0.418 57.14 15.726 1.466 2.846 0.262 0.274 3.895 0.343 0.254 0.041 0.011 2 1 7.552 92.448
75 NWOD-800FG-2_15 6.822 0.979 -0.412 57.305 15.722 1.358 2.782 0.267 0.334 3.97 0.306 0.282 0.044 0.015 2 1 7.226 92.774
76 NWOD-800FG-2_16 7.006 0.789 -0.332 57.5 16.056 1.519 2.735 0.288 0.29 3.873 0.35 0.251 0.029 0.001 2 1 6.645 93.355
77 NWOD-800FG-2_17 6.794 0.774 -0.326 58.029 16.056 1.542 2.848 0.31 0.279 3.923 0.352 0.216 0.047 0 2 1 6.156 93.844
78 NWOD-800FG-2_18 6.44 0.911 -0.384 57.528 15.851 1.412 2.907 0.309 0.287 3.938 0.345 0.197 0.046 0.004 2 1 7.209 92.791
79 NWOD-800FG-2_19 6.804 0.982 -0.413 57.834 15.991 1.415 2.84 0.306 0.253 3.895 0.386 0.2 0.053 0.007 2 1 6.447 93.553
80 NWOD-800FG-2_20 6.55 0.983 -0.414 57.89 15.936 1.482 2.804 0.27 0.274 3.923 0.283 0.203 0.039 0.022 2 1 6.755 93.245
ASI 1.04
Minimum 6.440 0.742 -0.461 57.140 15.722 1.358 2.679 0.241 0.249 3.852 0.283 0.136 0.009 0.000 2.000 1.000 5.780 92.448
Maximum 7.006 1.094 -0.312 58.029 16.410 1.576 2.942 0.315 0.334 3.989 0.416 0.301 0.053 0.022 2.000 1.000 7.552 94.220
Average 6.772 0.913 -0.385 57.600 15.959 1.469 2.815 0.291 0.276 3.917 0.360 0.225 0.038 0.009 2.000 1.000 6.740 93.260
Sigma  0.165 0.112 0.047 0.240 0.159 0.059 0.069 0.019 0.023 0.045 0.033 0.047 0.010 0.005 0.000 0.000 0.443 0.443
Point Comment
Na2O 
(Mass%)
F 
(Mass%)
F Oxy. 
Eq. 
SiO2 
(Mass%)
Al2O3 
(Mass%)
P2O5 
(Mass%)
Ta2O5 
(Mass%)
MnO 
(Mass%)
FeO 
(Mass%)
K2O 
(Mass%)
SnO2 
(Mass%)
Nb2O5 
(Mass%)
TiO2 
(Mass%)
Sc2O3 
(Mass%)
B2O3 
(Mass%)
Li2O 
(Mass%)
H2O 
(Mass%)
Total 
(Mass%)
21 NWOD-750FG_01 6.903 0.864 -0.364 58.809 16.359 1.439 2.555 0.25 0.213 3.911 0.352 0.226 0.005 0.017 2 1 5.461 94.539
22 NWOD-750FG_02 6.511 0.728 -0.307 58.662 16.067 1.545 2.324 0.223 0.233 3.86 0.383 0.207 0.019 0.012 2 1 6.533 93.467
23 NWOD-750FG_03 6.786 0.859 -0.362 58.356 16.309 1.438 2.748 0.265 0.254 3.868 0.428 0.185 0.028 0.015 2 1 5.823 94.177
24 NWOD-750FG_04 7.009 0.927 -0.390 58.185 16.63 1.514 2.384 0.219 0.227 3.92 0.417 0.252 0.053 0.013 2 1 5.640 94.360
25 NWOD-750FG_05 6.951 0.88 -0.371 57.695 16.316 1.531 2.32 0.285 0.292 3.913 0.348 0.24 0.029 0.01 2 1 6.561 93.439
26 NWOD-750FG_06 6.722 1.006 -0.424 58.818 16.079 1.542 2.462 0.261 0.28 3.849 0.43 0.178 0.03 0.009 2 1 5.758 94.242
27 NWOD-750FG_07 6.947 0.747 -0.315 58.035 16.248 1.438 2.427 0.224 0.249 3.979 0.394 0.124 0.035 0.024 2 1 6.444 93.556
28 NWOD-750FG_08 6.908 0.88 -0.371 58.708 16.34 1.477 2.434 0.243 0.235 3.903 0.453 0.183 0.043 0.012 2 1 5.552 94.448
29 NWOD-750FG_09 6.818 0.863 -0.363 58.292 16.258 1.465 2.291 0.248 0.218 3.889 0.377 0.181 0.026 0.008 2 1 6.429 93.571
30 NWOD-750FG_10 6.869 0.91 -0.383 58.382 16.254 1.5 2.342 0.234 0.239 3.874 0.385 0.276 0.039 -0.006 2 1 6.085 93.915
31 NWOD-750FG_11 6.676 0.853 -0.359 58.405 16.214 1.574 2.401 0.271 0.254 3.87 0.432 0.187 0.025 0.002 2 1 6.195 93.805
32 NWOD-750FG_12 6.822 0.76 -0.320 58.817 16.19 1.511 2.356 0.254 0.258 3.901 0.327 0.188 0.03 0.006 2 1 5.900 94.100
33 NWOD-750FG_13 6.898 0.853 -0.359 58.739 16.224 1.555 2.542 0.28 0.246 3.883 0.368 0.284 0.04 0.009 2 1 5.438 94.562
34 NWOD-750FG_14 6.717 1.183 -0.498 58.628 16.112 1.477 2.44 0.243 0.224 3.97 0.343 0.161 0.028 0.018 2 1 5.954 94.046
35 NWOD-750FG_15 6.785 0.761 -0.320 58.572 16.186 1.448 2.543 0.236 0.229 3.888 0.391 0.181 0.05 0 2 1 6.050 93.950
36 NWOD-750FG_16 6.817 0.856 -0.360 57.97 16.023 1.427 2.579 0.246 0.23 3.886 0.45 0.217 0.032 0.002 2 1 6.625 93.375
37 NWOD-750FG_17 6.817 0.773 -0.325 57.888 16.093 1.531 2.526 0.301 0.22 3.866 0.375 0.187 0.049 0.015 2 1 6.684 93.316
38 NWOD-750FG_18 6.566 0.954 -0.402 57.939 16.161 1.52 2.554 0.256 0.263 3.903 0.368 0.174 0.031 0.002 2 1 6.711 93.289
39 NWOD-750FG_19 6.71 0.862 -0.363 58.081 16.098 1.473 2.535 0.228 0.237 3.927 0.416 0.144 0.013 -0.002 2 1 6.641 93.359
40 NWOD-750FG_20 6.379 0.702 -0.296 56.93 16.038 1.401 2.391 0.23 0.242 3.879 0.369 0.205 0.038 0.019 2 1 8.473 91.527
ASI 1.05
Minimum 6.379 0.702 -0.498 56.930 16.023 1.401 2.291 0.219 0.213 3.849 0.327 0.124 0.005 -0.006 2.000 1.000 5.438 91.527
Maximum 7.009 1.183 -0.296 58.818 16.630 1.574 2.748 0.301 0.292 3.979 0.453 0.284 0.053 0.024 2.000 1.000 8.473 94.562
Average 6.781 0.861 -0.363 58.296 16.210 1.490 2.458 0.250 0.242 3.897 0.390 0.199 0.032 0.009 2.000 1.000 6.248 93.752
Sigma  0.157 0.109 0.046 0.474 0.142 0.049 0.114 0.022 0.020 0.034 0.036 0.041 0.012 0.008 0.000 0.000 0.678 0.678
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NWOD-700FG: Wodginite dissolution experiment at 700 °C, 200 MPa, 5 days 
 
NWOD-700FG-C: Wodginite crystallization experiment at 700 °C, 200 MPa, 10-day 
total duration 
 
 
 
 
Point Comment
Na2O 
(Mass%)
F 
(Mass%)
F Oxy. 
Eq. 
SiO2 
(Mass%)
Al2O3 
(Mass%)
P2O5 
(Mass%)
Ta2O5 
(Mass%)
MnO 
(Mass%)
FeO 
(Mass%)
K2O 
(Mass%)
SnO2 
(Mass%)
Nb2O5 
(Mass%)
TiO2 
(Mass%)
Sc2O3 
(Mass%)
B2O3 
(Mass%)
Li2O 
(Mass%)
H2O 
(Mass%)
Total 
(Mass%)
1 NWOD-700FG_01 6.489 0.878 -0.370 58.482 16.133 1.537 2.08 0.2 0.218 3.909 0.42 0.19 0.03 0.009 2 1 6.795 93.205
2 NWOD-700FG_02 6.997 1.011 -0.426 58.481 16.236 1.575 2.092 0.248 0.197 3.891 0.373 0.097 0.031 0.011 2 1 6.186 93.814
3 NWOD-700FG_03 6.84 0.882 -0.371 58.305 16.155 1.559 2.094 0.196 0.205 3.962 0.374 0.079 0.022 0.002 2 1 6.696 93.304
4 NWOD-700FG_04 6.763 0.835 -0.352 58.271 16.263 1.5 2.154 0.187 0.204 3.911 0.45 0.129 0.022 0 2 1 6.663 93.337
5 NWOD-700FG_05 6.7 0.957 -0.403 58.406 16.274 1.538 2.073 0.211 0.181 3.847 0.404 0.198 0.04 0.008 2 1 6.566 93.434
6 NWOD-700FG_06 6.829 0.773 -0.325 59.023 16.273 1.412 2.111 0.173 0.217 3.898 0.415 0.148 0.037 0.012 2 1 6.004 93.996
7 NWOD-700FG_07 6.698 1.021 -0.430 58.929 16.013 1.458 2.167 0.225 0.216 3.974 0.404 0.147 0.039 0.01 2 1 6.129 93.871
8 NWOD-700FG_08 6.748 0.797 -0.336 59.343 16.347 1.476 2.109 0.23 0.179 3.95 0.399 0.218 0.028 0.003 2 1 5.509 94.491
9 NWOD-700FG_09 6.673 0.899 -0.379 58.559 16.136 1.583 2.143 0.214 0.239 3.967 0.45 0.157 0.011 -0.011 2 1 6.359 93.641
10 NWOD-700FG_10 6.969 0.776 -0.327 58.459 16.245 1.465 2.213 0.208 0.207 3.914 0.441 0.148 0.024 0.024 2 1 6.234 93.766
11 NWOD-700FG_11 6.606 0.933 -0.393 58.73 16.47 1.607 2.206 0.199 0.191 3.956 0.429 0.197 0.022 0.005 2 1 5.842 94.158
12 NWOD-700FG_12 6.865 0.715 -0.301 58.762 16.363 1.449 1.895 0.233 0.185 3.965 0.392 0.21 0.01 0.001 2 1 6.256 93.744
13 NWOD-700FG_13 6.931 0.942 -0.397 59.119 16.306 1.554 2.21 0.218 0.223 3.911 0.426 0.148 0.041 0.01 2 1 5.358 94.642
14 NWOD-700FG_14 6.686 0.835 -0.352 58.015 16.081 1.451 2.324 0.203 0.252 3.887 0.445 0.1 0.034 0.004 2 1 7.035 92.965
15 NWOD-700FG_15 6.716 0.776 -0.327 58.17 16.263 1.538 2.04 0.237 0.256 3.942 0.394 0.157 0.035 0.014 2 1 6.789 93.211
16 NWOD-700FG_16 6.891 0.937 -0.395 58.466 16.29 1.475 2.102 0.213 0.199 3.964 0.399 0.179 0.044 0.003 2 1 6.233 93.767
17 NWOD-700FG_17 6.956 1.019 -0.429 58.481 16.263 1.322 2.125 0.206 0.193 3.935 0.417 0.137 0.016 0.009 2 1 6.350 93.650
18 NWOD-700FG_18 6.878 0.829 -0.349 58.4 16.412 1.315 2.012 0.228 0.195 3.934 0.453 0.206 0.015 -0.001 2 1 6.473 93.527
19 NWOD-700FG_19 6.271 0.99 -0.417 57.424 16.053 1.341 1.934 0.222 0.212 3.88 0.405 0.215 0.024 0.005 2 1 8.441 91.559
20 NWOD-700FG_20 6.782 0.969 -0.408 58.836 16.43 1.569 1.824 0.217 0.218 3.913 0.445 0.121 0.033 0.015 2 1 6.036 93.964
ASI 1.06
Minimum 6.271 0.715 -0.430 57.424 16.013 1.315 1.824 0.173 0.179 3.847 0.373 0.079 0.010 -0.011 2.000 1.000 5.358 91.559
Maximum 6.997 1.021 -0.301 59.343 16.470 1.607 2.324 0.248 0.256 3.974 0.453 0.218 0.044 0.024 2.000 1.000 8.441 94.642
Average 6.764 0.889 -0.374 58.533 16.250 1.486 2.095 0.213 0.209 3.926 0.417 0.159 0.028 0.007 2.000 1.000 6.398 93.602
Sigma  0.175 0.093 0.039 0.422 0.125 0.087 0.116 0.018 0.021 0.035 0.025 0.042 0.010 0.007 0.000 0.000 0.638 0.638
Point Comment
Na2O 
(Mass%)
F 
(Mass%)
F Oxy. 
Eq. 
SiO2 
(Mass%)
Al2O3 
(Mass%)
P2O5 
(Mass%)
Ta2O5 
(Mass%)
MnO 
(Mass%)
FeO 
(Mass%)
K2O 
(Mass%)
SnO2 
(Mass%)
Nb2O5 
(Mass%)
TiO2 
(Mass%)
Sc2O3 
(Mass%)
B2O3 
(Mass%)
Li2O 
(Mass%)
H2O 
(Mass%)
Total 
(Mass%)
101 NWOD-700FG-C_01 6.637 0.941 -0.396 57.647 15.783 1.514 2.448 0.226 0.276 3.911 0.188 0.185 0.018 0.01 2 1 7.612 92.388
102 NWOD-700FG-C_02 6.595 0.819 -0.345 57.598 15.691 1.651 2.604 0.19 0.293 3.918 0.239 0.051 0.018 0.016 2 1 7.662 92.338
103 NWOD-700FG-C_03 7.143 0.778 -0.328 57.119 15.831 1.396 2.621 0.204 0.328 3.844 0.271 0.24 0.034 0.01 2 1 7.509 92.491
104 NWOD-700FG-C_04 6.634 0.836 -0.352 57.18 15.61 1.495 2.326 0.221 0.329 3.952 0.264 0.126 0.013 0.005 2 1 8.361 91.639
105 NWOD-700FG-C_05 6.676 0.778 -0.328 57.191 15.628 1.363 2.501 0.202 0.293 3.795 0.251 0.182 0.023 0.009 2 1 8.436 91.564
106 NWOD-700FG-C_06 6.716 0.98 -0.413 57.362 15.749 1.482 2.628 0.232 0.334 3.84 0.237 0.102 0.013 0.001 2 1 7.737 92.263
107 NWOD-700FG-C_07 6.58 0.849 -0.357 57.443 15.858 1.41 2.548 0.195 0.298 3.929 0.226 0.107 0.034 0.01 2 1 7.870 92.130
108 NWOD-700FG-C_08 6.586 0.887 -0.373 57.588 15.799 1.328 2.617 0.187 0.289 3.894 0.261 0.169 0.037 0.007 2 1 7.724 92.276
109 NWOD-700FG-C_09 6.694 1.101 -0.464 57.535 15.959 1.523 2.573 0.201 0.315 3.884 0.241 0.081 0.027 0.003 2 1 7.327 92.673
110 NWOD-700FG-C_10 6.778 0.608 -0.256 57.409 15.746 1.483 2.548 0.208 0.242 3.88 0.219 0.164 0.039 0.008 2 1 7.924 92.076
111 NWOD-700FG-C_11 6.405 0.772 -0.325 57.308 15.723 1.508 2.694 0.194 0.294 3.945 0.205 0.09 0.029 0.001 2 1 8.157 91.843
112 NWOD-700FG-C_12 6.604 0.896 -0.377 57.832 15.762 1.531 2.584 0.199 0.314 3.892 0.212 0.263 0.016 -0.003 2 1 7.275 92.725
113 NWOD-700FG-C_13 6.547 1.049 -0.442 57.724 15.787 1.412 2.407 0.192 0.31 3.879 0.237 0.1 0.038 0.014 2 1 7.746 92.254
114 NWOD-700FG-C_14 6.533 1.041 -0.438 57.361 15.806 1.564 2.473 0.197 0.268 3.879 0.229 0.166 0.04 0.011 2 1 7.870 92.130
115 NWOD-700FG-C_15 7.02 0.689 -0.290 58.143 15.886 1.55 2.542 0.192 0.274 3.913 0.212 0.16 0.026 0.005 2 1 6.678 93.322
116 NWOD-700FG-C_16 6.547 0.983 -0.414 57.741 15.829 1.498 2.597 0.218 0.273 3.945 0.258 0.101 0.023 0.027 2 1 7.374 92.626
117 NWOD-700FG-C_17 6.88 1.032 -0.435 59.058 16.102 1.507 2.514 0.202 0.259 3.944 0.263 0.186 0.025 0.007 2 1 5.456 94.544
118 NWOD-700FG-C_18 6.777 0.861 -0.363 58.645 15.991 1.513 2.581 0.199 0.276 3.851 0.232 0.2 0.033 -0.005 2 1 6.209 93.791
119 NWOD-700FG-C_19 6.568 1.028 -0.433 57.536 15.951 1.522 2.565 0.208 0.268 3.978 0.25 0.151 0.021 0.006 2 1 7.381 92.619
120 NWOD-700FG-C_20 6.629 1.033 -0.435 57.489 16.01 1.518 2.548 0.19 0.311 3.912 0.26 0.041 0.031 0.014 2 1 7.449 92.551
ASI 1.04
Minimum 6.405 0.608 -0.464 57.119 15.610 1.328 2.326 0.187 0.242 3.795 0.188 0.041 0.013 -0.005 2.000 1.000 5.456 91.564
Maximum 7.143 1.101 -0.256 59.058 16.102 1.651 2.694 0.232 0.334 3.978 0.271 0.263 0.040 0.027 2.000 1.000 8.436 94.544
Average 6.677 0.898 -0.378 57.645 15.825 1.488 2.546 0.203 0.292 3.899 0.238 0.143 0.027 0.008 2.000 1.000 7.488 92.512
Sigma  0.174 0.134 0.056 0.482 0.128 0.074 0.084 0.013 0.025 0.045 0.023 0.059 0.009 0.007 0.000 0.000 0.701 0.701
284 
 
NMIC-850: Microlite dissolution experiment at 850 °C, 200 MPa, 5 days 
 
NMIC-800: Microlite dissolution experiment at 800 °C, 200 MPa, 5 days 
 
 
 
 
 
Point Comment
Na2O 
(Mass%)
F 
(Mass%)
F Oxy. 
Eq. 
SiO2 
(Mass%)
Al2O3 
(Mass%)
P2O5 
(Mass%)
CaO 
(Mass%)
Ta2O5 
(Mass%)
MnO 
(Mass%)
K2O 
(Mass%)
Nb2O5 
(Mass%)
TiO2 
(Mass%)
SnO2 
(Mass%)
Sc2O3 
(Mass%)
Li2O 
(Mass%)
B2O3 
(Mass%)
H2O 
(Mass%)
Total 
(Mass%)
21 NMIC-850_01 6.964 0.815 -0.343 60.489 16.925 1.194 0.065 1.363 0.015 4.043 0.147 0.038 -0.017 0.015 1 2 5.287 94.713
22 NMIC-850_02 6.84 0.85 -0.358 60.255 16.502 1.372 0.073 1.33 0.057 4.002 0.178 0.028 -0.003 0.001 1 2 5.873 94.127
23 NMIC-850_03 6.964 1.089 -0.459 60.464 16.753 1.253 0.078 1.61 0.039 4.1 0.052 0.049 0.02 0.002 1 2 4.986 95.014
24 NMIC-850_04 7.278 0.795 -0.335 60.726 16.683 1.161 0.068 1.367 0.038 4.119 0.006 0.043 0.021 0.021 1 2 5.009 94.991
25 NMIC-850_05 6.863 0.746 -0.314 60.624 16.772 1.341 0.076 1.371 0.02 3.984 0.157 0.03 0.022 0.002 1 2 5.306 94.694
26 NMIC-850_06 7.287 0.887 -0.373 60.388 16.716 1.399 0.07 1.394 0.029 4.089 0.12 0.017 -0.04 -0.009 1 2 5.026 94.974
27 NMIC-850_07 6.92 0.894 -0.376 60.681 16.508 1.294 0.082 1.295 0.014 4.018 0.165 0.028 0.011 -0.003 1 2 5.469 94.531
28 NMIC-850_08 7.142 0.812 -0.342 60.04 16.75 1.085 0.075 1.386 0.052 4.101 0.124 0.029 0.021 0 1 2 5.725 94.275
29 NMIC-850_09 7.051 0.662 -0.279 60.361 16.782 1.252 0.07 1.232 0.048 4.048 0.047 0.03 -0.02 0 1 2 5.716 94.284
30 NMIC-850_10 7.044 0.701 -0.295 59.948 16.785 1.142 0.06 1.313 0.015 4.043 0.06 0.042 0.006 0.007 1 2 6.129 93.871
31 NMIC-850_11 7.007 0.82 -0.345 59.842 16.634 1.178 0.065 1.238 0.036 4.057 0.064 0.039 -0.013 0.004 1 2 6.374 93.626
32 NMIC-850_12 7.057 0.91 -0.383 60.044 16.801 1.262 0.072 1.291 0.006 4.065 0.141 0.046 0.022 0.007 1 2 5.659 94.341
33 NMIC-850_13 6.92 0.904 -0.381 60.446 16.736 1.221 0.049 1.243 0.038 4.027 0.055 0.051 -0.014 0.006 1 2 5.699 94.301
34 NMIC-850_14 6.946 0.694 -0.292 60.168 16.761 1.214 0.063 1.429 0.001 4.088 0.136 0.034 -0.002 0.006 1 2 5.754 94.246
35 NMIC-850_15 7.257 0.796 -0.335 60.595 17.11 1.205 0.078 1.416 0.048 4.017 0.153 0.021 -0.027 0.004 1 2 4.662 95.338
36 NMIC-850_16 6.806 0.749 -0.315 60.218 16.857 1.202 0.058 1.409 0.016 4.086 0.179 0.054 -0.023 0.013 1 2 5.691 94.309
37 NMIC-850_17 7.208 0.788 -0.332 60.24 16.712 1.305 0.081 1.22 0.02 4.017 0.062 0.027 0.026 0.011 1 2 5.615 94.385
38 NMIC-850_18 7.223 0.924 -0.389 60.288 16.668 1.201 0.068 1.429 0.037 4.079 0.138 0.058 0.029 0.001 1 2 5.246 94.754
39 NMIC-850_19 6.968 0.766 -0.323 60.394 16.853 1.143 0.075 1.327 0.025 3.998 0.111 0.052 -0.027 0.012 1 2 5.626 94.374
40 NMIC-850_20 7.023 0.847 -0.357 60.544 16.817 1.157 0.065 1.31 0.025 4.145 0.141 0.032 -0.026 0.003 1 2 5.274 94.726
ASI 1.05
Minimum 6.806 0.662 -0.459 59.842 16.502 1.085 0.049 1.220 0.001 3.984 0.006 0.017 -0.040 -0.009 1.000 2.000 4.662 93.626
Maximum 7.287 1.089 -0.279 60.726 17.110 1.399 0.082 1.610 0.057 4.145 0.179 0.058 0.029 0.021 1.000 2.000 6.374 95.338
Average 7.038 0.822 -0.346 60.338 16.756 1.229 0.070 1.349 0.029 4.056 0.112 0.037 -0.002 0.005 1.000 2.000 5.506 94.494
Sigma  0.149 0.097 0.041 0.246 0.134 0.081 0.008 0.091 0.016 0.044 0.051 0.012 0.022 0.007 0.000 0.000 0.412 0.412
Point Comment
Na2O 
(Mass%)
F 
(Mass%)
F Oxy. 
Eq. 
SiO2 
(Mass%)
Al2O3 
(Mass%)
P2O5 
(Mass%)
CaO 
(Mass%)
Ta2O5 
(Mass%)
MnO 
(Mass%)
K2O 
(Mass%)
Nb2O5 
(Mass%)
TiO2 
(Mass%)
SnO2 
(Mass%)
Sc2O3 
(Mass%)
Li2O 
(Mass%)
B2O3 
(Mass%)
H2O 
(Mass%)
Total 
(Mass%)
41 NMIC-800_01 7.16 0.943 -0.397 59.806 16.565 1.328 0.058 1.034 0.032 4.054 0.123 0.04 0.02 0 1 2 6.234 93.766
42 NMIC-800_02 6.678 0.938 -0.395 60.016 16.796 1.267 0.053 1.168 0.028 4.034 0.034 0.035 -0.001 0.002 1 2 6.347 93.653
43 NMIC-800_03 6.815 0.945 -0.398 60.135 16.492 1.244 0.036 1.157 0.009 4.058 0.108 0.042 -0.015 0.005 1 2 6.367 93.633
44 NMIC-800_04 6.864 0.924 -0.389 60.261 16.59 1.236 0.044 1.078 -0.004 4.056 0.148 0.008 0.009 0.011 1 2 6.164 93.836
45 NMIC-800_05 6.926 0.826 -0.348 60.155 16.681 1.232 0.04 1.12 0.002 4.138 0.037 0.051 -0.042 0.019 1 2 6.163 93.837
46 NMIC-800_06 0.874 -0.368 60.153 16.523 1.339 0.038 1.098 0.022 4.068 0.06 0.032 0.013 0.015 1 2 13.133 86.867
47 NMIC-800_07 6.804 1.045 -0.440 60.264 16.954 1.157 0.043 1.091 0.018 4.082 0.084 0.03 0.004 0.011 1 2 5.853 94.147
48 NMIC-800_08 6.632 0.912 -0.384 59.798 16.616 1.331 0.045 1.151 0.019 4.075 0.175 0.024 0.017 0.004 1 2 6.585 93.415
49 NMIC-800_09 7.037 0.969 -0.408 59.822 16.901 1.216 0.052 1.196 0.015 4.153 0.201 0.036 0.002 0.002 1 2 5.806 94.194
50 NMIC-800_10 6.935 0.892 -0.376 60.677 16.522 1.355 0.043 1.126 0.025 4.189 0.117 0.035 -0.013 -0.001 1 2 5.474 94.526
51 NMIC-800_11 6.843 0.717 -0.302 59.835 16.533 1.203 0.049 1.063 0.022 4.022 0.124 0.028 0.011 0.003 1 2 6.849 93.151
52 NMIC-800_12 6.926 0.949 -0.400 60.57 16.644 1.433 0.037 1.072 0.016 4.057 0.046 0.044 0.004 -0.006 1 2 5.608 94.392
53 NMIC-800_13 7.016 0.689 -0.290 60.013 16.553 1.22 0.044 1.12 0.023 4.114 0.041 0.04 -0.024 0.003 1 2 6.438 93.562
54 NMIC-800_14 0.698 -0.294 61.105 16.901 1.229 0.048 1.117 0.039 4.161 0.103 0.026 -0.025 0.001 1 2 11.891 88.109
55 NMIC-800_15 5.648 0.975 -0.411 60.711 16.708 1.248 0.043 1.044 0.022 4.078 0.051 0.02 -0.015 -0.004 1 2 6.882 93.118
56 NMIC-800_16 6.764 0.679 -0.286 59.749 16.737 1.285 0.041 1.036 0.016 4.073 0.078 0.047 -0.007 -0.001 1 2 6.789 93.211
57 NMIC-800_17 7.128 0.837 -0.352 60.134 16.762 1.223 0.043 1.151 0.016 4.152 0.06 0.032 -0.027 -0.002 1 2 5.843 94.157
58 NMIC-800_18 6.901 0.905 -0.381 60.11 16.703 1.295 0.034 0.927 0.024 4.059 0.17 0.016 0.004 -0.003 1 2 6.236 93.764
59 NMIC-800_19 7.016 0.818 -0.344 59.96 16.488 1.301 0.037 1.096 -0.008 3.966 0.388 0.044 -0.025 -0.008 1 2 6.271 93.729
60 NMIC-800_20 7.212 0.883 -0.372 59.788 17.011 1.338 0.043 1.151 0.045 4.065 0.196 0.006 0.016 0.017 1 2 5.601 94.399
ASI 1.06
Minimum 5.648 0.679 -0.440 59.749 16.488 1.157 0.034 0.927 -0.008 3.966 0.034 0.006 -0.042 -0.008 1.000 2.000 5.474 86.867
Maximum 7.212 1.045 -0.286 61.105 17.011 1.433 0.058 1.196 0.045 4.189 0.388 0.051 0.020 0.019 1.000 2.000 13.133 94.526
Average 6.850 0.871 -0.367 60.153 16.684 1.274 0.044 1.100 0.019 4.083 0.117 0.032 -0.005 0.003 1.000 2.000 6.827 93.173
Sigma  0.339 0.105 0.044 0.364 0.161 0.066 0.006 0.061 0.013 0.054 0.083 0.012 0.018 0.008 0.000 0.000 1.997 1.997
285 
 
NMIC-800-2: Repeat microlite dissolution experiment at 800 °C, 200 MPa, 5 days 
 
NMIC-750: Microlite dissolution experiment at 750 °C, 200 MPa, 5 days 
 
 
 
 
 
Point Comment
Na2O 
(Mass%)
F 
(Mass%)
F Oxy. 
Eq. 
SiO2 
(Mass%)
Al2O3 
(Mass%)
P2O5 
(Mass%)
CaO 
(Mass%)
Ta2O5 
(Mass%)
MnO 
(Mass%)
K2O 
(Mass%)
Nb2O5 
(Mass%)
TiO2 
(Mass%)
SnO2 
(Mass%)
Sc2O3 
(Mass%)
Li2O 
(Mass%)
B2O3 
(Mass%)
H2O 
(Mass%)
Total 
(Mass%)
61 NMIC-800-2_01 6.996 0.846 -0.356 60.043 16.891 1.218 0.046 1.106 0.038 4.1 0.132 0.03 -0.025 -0.004 1 2 5.939 94.061
62 NMIC-800-2_02 6.946 1.086 -0.457 59.64 16.427 1.258 0.051 1.029 0.031 4.014 0.127 0.042 -0.044 0.01 1 2 6.840 93.160
63 NMIC-800-2_03 6.975 0.452 -0.190 60.038 16.632 1.4 0.039 1.079 -0.001 4.058 0.11 0.039 -0.019 0.014 1 2 6.374 93.626
64 NMIC-800-2_04 6.886 0.75 -0.316 60.213 16.633 1.289 0.043 1.107 0.022 4.08 0.114 0.046 -0.028 0.006 1 2 6.155 93.845
65 NMIC-800-2_05 7 0.835 -0.352 59.635 16.652 1.235 0.045 1.272 0.015 4.015 0.073 0.027 -0.029 0.008 1 2 6.569 93.431
66 NMIC-800-2_06 6.395 0.675 -0.284 60.113 16.261 1.188 0.049 1.071 0.035 4.052 0.069 0.024 0.003 -0.001 1 2 7.350 92.650
67 NMIC-800-2_07 7.108 0.816 -0.344 59.597 16.557 1.206 0.038 1.168 0.031 4.174 0.127 0.026 -0.037 0.007 1 2 6.526 93.474
68 NMIC-800-2_08 7.143 0.94 -0.396 59.843 16.421 1.19 0.055 1.148 0.025 4.053 0.085 0.025 0.02 0.002 1 2 6.446 93.554
69 NMIC-800-2_09 7.118 0.783 -0.330 59.289 16.498 1.32 0.039 1.11 0.029 4.106 0.097 0.036 0.009 0.004 1 2 6.892 93.108
70 NMIC-800-2_10 7.188 0.907 -0.382 59.79 16.227 1.248 0.035 1.149 0.015 4.059 0.051 0.037 0.009 -0.004 1 2 6.671 93.329
71 NMIC-800-2_11 6.843 1.128 -0.475 59.186 16.569 1.424 0.043 1.07 0.045 4.053 0.046 0.027 -0.029 0.011 1 2 7.059 92.941
72 NMIC-800-2_12 6.857 0.817 -0.344 59.373 16.472 1.366 0.049 1.25 0.024 4.067 0.115 0.044 -0.029 0.006 1 2 6.933 93.067
73 NMIC-800-2_13 6.913 0.875 -0.368 59.032 16.058 1.249 0.034 1.192 0.035 4.057 0.067 0.029 0.002 0.001 1 2 7.824 92.176
74 NMIC-800-2_14 5.449 1.134 -0.477 59.645 16.644 1.317 0.026 1.147 0.012 4.229 0.166 0.03 -0.034 0.018 1 2 7.694 92.306
75 NMIC-800-2_15 6.966 0.926 -0.390 58.942 16.425 1.276 0.044 1.142 0.031 4.064 0.065 0.042 -0.022 0.006 1 2 7.483 92.517
76 NMIC-800-2_16 6.97 0.949 -0.400 58.686 16.343 1.215 0.043 0.968 -0.019 4.132 0.107 0.036 -0.003 -0.004 1 2 7.977 92.023
77 NMIC-800-2_17 6.826 0.921 -0.388 58.791 16.52 1.375 0.05 1.01 0.042 4.073 0.089 0.032 0.01 0.009 1 2 7.640 92.360
78 NMIC-800-2_18 7.144 0.838 -0.353 58.733 16.552 1.331 0.049 1.065 0.022 4.065 0.083 0.02 -0.022 0.018 1 2 7.455 92.545
79 NMIC-800-2_19 5.971 0.901 -0.379 59.116 16.148 1.201 0.045 1.275 0.019 4.052 0.113 0.028 -0.022 0.021 1 2 8.511 91.489
80 NMIC-800-2_20 7.091 0.907 -0.382 58.896 16.358 1.167 0.052 0.986 0.026 4.046 0.105 0.043 -0.018 0.001 1 2 7.722 92.278
ASI 1.05
Minimum 5.449 0.452 -0.477 58.686 16.058 1.167 0.026 0.968 -0.019 4.014 0.046 0.020 -0.044 -0.004 1.000 2.000 5.939 91.489
Maximum 7.188 1.134 -0.190 60.213 16.891 1.424 0.055 1.275 0.045 4.229 0.166 0.046 0.020 0.021 1.000 2.000 8.511 94.061
Average 6.839 0.874 -0.368 59.430 16.464 1.274 0.044 1.117 0.024 4.077 0.097 0.033 -0.015 0.006 1.000 2.000 7.103 92.897
Sigma  0.431 0.153 0.065 0.492 0.196 0.076 0.007 0.088 0.015 0.051 0.030 0.008 0.018 0.007 0.000 0.000 0.680 0.680
Point Comment
Na2O 
(Mass%)
F 
(Mass%)
F Oxy. 
Eq. 
SiO2 
(Mass%)
Al2O3 
(Mass%)
P2O5 
(Mass%)
CaO 
(Mass%)
Ta2O5 
(Mass%)
MnO 
(Mass%)
K2O 
(Mass%)
Nb2O5 
(Mass%)
TiO2 
(Mass%)
SnO2 
(Mass%)
Sc2O3 
(Mass%)
Li2O 
(Mass%)
B2O3 
(Mass%)
H2O 
(Mass%)
Total 
(Mass%)
81 NMIC-750_01 7.442 0.86 -0.362 59.529 16.664 1.184 0.028 0.927 0.037 4.099 0.097 0.021 0.023 0.005 1 2 6.446 93.554
82 NMIC-750_02 6.922 0.945 -0.398 58.595 16.63 1.227 0.01 0.835 0.002 4.058 0.135 0.037 -0.026 0.013 1 2 8.015 91.985
83 NMIC-750_03 6.997 0.772 -0.325 58.547 16.371 1.216 0.031 0.923 0.017 4.12 0.162 0.026 -0.008 -0.005 1 2 8.156 91.844
84 NMIC-750_04 6.728 0.683 -0.288 59.279 16.253 1.212 0.03 1.001 -0.005 4.045 0.038 0.018 0.022 0.002 1 2 7.982 92.018
85 NMIC-750_05 7.015 0.833 -0.351 58.696 16.405 1.371 0.033 0.92 0.005 4.075 0.134 0.019 -0.028 -0.003 1 2 7.876 92.124
86 NMIC-750_06 6.971 0.823 -0.347 59.472 16.627 1.208 0.03 0.913 0.039 4.088 0.183 0.034 -0.011 0.004 1 2 6.966 93.034
87 NMIC-750_07 6.602 0.835 -0.352 58.695 16.176 1.241 0.031 0.863 0.033 4.017 0.084 0.019 -0.024 0.005 1 2 8.775 91.225
88 NMIC-750_08 7.304 0.748 -0.315 59.1 16.317 1.358 0.034 0.939 0.052 4.03 0.122 0.031 0.019 0.004 1 2 7.257 92.743
89 NMIC-750_09 6.966 0.862 -0.363 58.745 16.599 1.259 0.024 0.932 0.006 4.088 0.046 0.023 0.022 0.013 1 2 7.778 92.222
90 NMIC-750_10 7.04 0.979 -0.412 59.219 16.478 1.181 0.039 0.753 0.038 3.983 0.029 0.035 -0.008 0.016 1 2 7.630 92.370
91 NMIC-750_11 5.91 0.749 -0.315 59.285 16.388 1.216 0.022 0.846 0.014 3.977 0.09 0.031 0.022 0.001 1 2 8.764 91.236
92 NMIC-750_12 6.908 0.801 -0.337 59.085 16.425 1.139 0.04 0.903 -0.001 4.103 0.113 0.015 -0.029 -0.011 1 2 7.846 92.154
93 NMIC-750_13 6.725 1.045 -0.440 58.546 16.266 1.242 0.035 0.895 0.007 4.068 0.1 0.029 -0.009 0.004 1 2 8.487 91.513
94 NMIC-750_14 6.952 0.921 -0.388 58.66 16.193 1.174 0.037 1.007 0.013 4.02 0.142 0.033 0.012 0.008 1 2 8.216 91.784
95 NMIC-750_15 6.816 0.944 -0.397 58.901 16.173 1.209 0.033 0.827 0.002 4.069 0.105 0.028 -0.011 0.014 1 2 8.287 91.713
96 NMIC-750_16 6.971 0.762 -0.321 58.42 16.561 1.298 0.029 0.816 -0.005 4.034 0.189 0.028 -0.029 0 1 2 8.247 91.753
97 NMIC-750_17 6.981 0.853 -0.359 58.446 16.33 1.181 0.031 1.044 0 4.05 0.089 0.009 -0.02 -0.001 1 2 8.366 91.634
98 NMIC-750_18 5.06 0.82 -0.345 59.311 16.562 1.335 0.038 0.88 0.034 4.076 0.127 0.013 -0.012 0.012 1 2 9.089 90.911
99 NMIC-750_19 7.172 0.878 -0.370 59.11 16.388 1.286 0.031 0.973 -0.001 3.996 0.008 0.02 0.007 0.004 1 2 7.498 92.502
100 NMIC-750_20 6.886 0.91 -0.383 58.934 16.344 1.197 0.035 0.866 0.001 3.96 0.158 0.032 -0.054 0.001 1 2 8.113 91.887
ASI 1.05
Minimum 5.060 0.683 -0.440 58.420 16.173 1.139 0.010 0.753 -0.005 3.960 0.008 0.009 -0.054 -0.011 1.000 2.000 6.446 90.911
Maximum 7.442 1.045 -0.288 59.529 16.664 1.371 0.040 1.044 0.052 4.120 0.189 0.037 0.023 0.016 1.000 2.000 9.089 93.554
Average 6.818 0.851 -0.358 58.929 16.408 1.237 0.031 0.903 0.014 4.048 0.108 0.025 -0.007 0.004 1.000 2.000 7.990 92.010
Sigma  0.512 0.089 0.037 0.350 0.158 0.063 0.007 0.071 0.018 0.045 0.050 0.008 0.022 0.007 0.000 0.000 0.628 0.628
286 
 
NMIC-700: Microlite dissolution experiment at 700 °C, 200 MPa, 5 days 
 
NMIC-700C: Microlite crystallization experiment at 700 °C, 200 MPa, 10-day total 
duration 
 
 
 
 
Point Comment
Na2O 
(Mass%)
F 
(Mass%)
F Oxy. 
Eq. 
SiO2 
(Mass%)
Al2O3 
(Mass%)
P2O5 
(Mass%)
CaO 
(Mass%)
Ta2O5 
(Mass%)
MnO 
(Mass%)
K2O 
(Mass%)
Nb2O5 
(Mass%)
TiO2 
(Mass%)
SnO2 
(Mass%)
Sc2O3 
(Mass%)
Li2O 
(Mass%)
B2O3 
(Mass%)
H2O 
(Mass%)
Total 
(Mass%)
101 NMIC-700_01 6.466 0.825 -0.347 58.661 16.201 1.304 0.019 0.826 0.035 4.062 0.106 0.012 -0.021 -0.005 1 2 8.856 91.144
102 NMIC-700_02 6.873 0.827 -0.348 59.28 16.492 1.228 0.025 0.72 0.002 4.146 0.119 0.018 -0.001 0.009 1 2 7.610 92.390
103 NMIC-700_03 7.28 0.796 -0.335 58.611 16.511 1.292 0.033 0.797 -0.008 4.036 0.103 0.011 -0.015 -0.001 1 2 7.889 92.111
104 NMIC-700_04 7.164 0.72 -0.303 59.246 16.229 1.245 0.02 0.696 0.016 4.001 0.015 0.014 -0.002 0.002 1 2 7.937 92.063
105 NMIC-700_05 6.727 0.866 -0.365 59.554 16.371 1.273 0.016 0.704 -0.002 3.988 -0.009 0.032 -0.024 0.014 1 2 7.855 92.145
106 NMIC-700_06 7.233 0.889 -0.374 58.798 16.421 1.273 0.006 0.943 0.027 4.014 0.084 0.018 -0.015 0.015 1 2 7.668 92.332
107 NMIC-700_07 6.954 0.92 -0.387 59.331 16.296 1.136 0.02 0.778 0.008 4.12 0.041 0.01 0.01 0 1 2 7.763 92.237
108 NMIC-700_08 7.022 0.884 -0.372 59.413 16.387 1.404 0.018 0.788 0.036 4.012 0.028 0.024 -0.045 0.008 1 2 7.393 92.607
109 NMIC-700_09 6.987 0.829 -0.349 59.472 16.35 1.273 0.027 0.796 0.008 4.08 0.077 0.018 -0.014 0.012 1 2 7.434 92.566
110 NMIC-700_10 6.928 0.915 -0.385 59.578 16.476 1.167 0.02 0.775 -0.004 4.087 -0.02 0.008 -0.004 0 1 2 7.459 92.541
111 NMIC-700_11 6.822 0.788 -0.332 58.879 16.389 1.339 0.017 0.823 0.03 4.048 -0.011 0.018 -0.012 -0.005 1 2 8.207 91.793
112 NMIC-700_12 7.014 0.888 -0.374 59.36 16.339 1.507 - 0.699 0.02 3.998 0.055 0.029 0.016 -0.003 1 2 7.452 92.548
113 NMIC-700_13 6.703 0.752 -0.317 59.722 16.7 1.261 0.023 0.818 0.043 4.035 0.12 0.03 0.045 0.002 1 2 7.063 92.937
114 NMIC-700_14 7.218 0.579 -0.244 59.851 16.668 1.273 0.02 0.791 0.009 4.071 0.105 0.028 -0.008 0.002 1 2 6.637 93.363
115 NMIC-700_15 7.007 0.796 -0.335 59.734 16.569 1.301 0.026 0.819 0.024 4.01 0.104 0.003 -0.013 -0.002 1 2 6.957 93.043
116 NMIC-700_16 7.031 0.883 -0.372 59.846 16.583 1.205 0.017 0.793 0.043 4.135 0.079 0.016 0.056 0.01 1 2 6.675 93.325
117 NMIC-700_17 7.273 0.725 -0.305 59.836 16.579 1.18 0.019 0.791 -0.005 4.06 0.079 0.026 0.007 -0.001 1 2 6.736 93.264
118 NMIC-700_18 7.08 0.726 -0.306 60.128 16.648 1.192 0.007 0.883 0.008 4.035 0.034 0 -0.005 0.009 1 2 6.561 93.439
119 NMIC-700_19 6.94 0.762 -0.321 60.002 16.665 1.207 0.01 0.737 0.014 3.988 -0.044 0.029 -0.009 -0.012 1 2 7.032 92.968
120 NMIC-700_20 6.518 0.669 -0.282 59.925 16.266 1.248 0.018 0.782 0.003 4.004 0.051 0.039 -0.032 0.006 1 2 7.785 92.215
ASI 1.04
Minimum 6.466 0.579 -0.387 58.611 16.201 1.136 0.006 0.696 -0.008 3.988 -0.044 0.000 -0.045 -0.012 1.000 2.000 6.561 91.144
Maximum 7.280 0.920 -0.244 60.128 16.700 1.507 0.033 0.943 0.043 4.146 0.120 0.039 0.056 0.015 1.000 2.000 8.856 93.439
Average 6.962 0.802 -0.338 59.461 16.457 1.265 0.019 0.788 0.015 4.047 0.056 0.019 -0.004 0.003 1.000 2.000 7.448 92.552
Sigma  0.229 0.089 0.038 0.448 0.155 0.084 0.007 0.060 0.016 0.048 0.050 0.010 0.023 0.007 0.000 0.000 0.588 0.588
Point Comment
Na2O 
(Mass%)
F 
(Mass%)
F Oxy. 
Eq.
SiO2 
(Mass%)
Al2O3 
(Mass%)
P2O5 
(Mass%)
CaO 
(Mass%)
Ta2O5 
(Mass%)
MnO 
(Mass%)
K2O 
(Mass%)
Nb2O5 
(Mass%)
TiO2 
(Mass%)
SnO2 
(Mass%)
Sc2O3 
(Mass%)
Li2O 
(Mass%)
B2O3 
(Mass%)
H2O 
(Mass%)
Total 
(Mass%)
1 NMIC-700C_01 6.438 0.956 -0.403 59.01 16.427 1.037 0.011 1.036 0.037 4.047 0.062 0.021 -0.029 0.002 1 2 8.348 91.652
2 NMIC-700C_02 7.21 0.855 -0.360 59.285 16.452 0.998 0.015 0.945 0.001 4.076 0.063 0.063 0.005 -0.002 1 2 7.394 92.606
3 NMIC-700C_03 5.595 0.824 -0.347 59.348 16.661 1.053 0.014 1.116 0.024 4.084 0.154 0.022 -0.019 -0.004 1 2 8.475 91.525
4 NMIC-700C_04 7.025 0.918 -0.387 59.166 16.193 1.12 0.017 1.11 0.031 4.091 0.117 0.042 -0.037 0.013 1 2 7.581 92.419
5 NMIC-700C_05 7.13 0.928 -0.391 59.661 16.827 1.181 0.006 0.992 0.039 4.122 0.168 0.047 -0.02 0.013 1 2 6.297 93.703
6 NMIC-700C_06 4.785 0.793 -0.334 60.442 16.761 1.116 0.021 0.942 0.032 4.115 -0.048 0.043 -0.035 0.006 1 2 8.361 91.639
7 NMIC-700C_07 7.05 0.802 -0.338 59.835 16.8 1.17 0.018 1.077 0.037 4.046 0.121 0.039 -0.015 -0.001 1 2 6.359 93.641
8 NMIC-700C_08 7.185 0.833 -0.351 59.425 16.681 1.055 0.004 1.124 0.02 4.087 0.063 0.031 -0.017 0.004 1 2 6.856 93.144
9 NMIC-700C_09 7.138 0.81 -0.341 60.072 16.74 1.069 0.013 0.93 0.034 4.059 0.131 0.032 -0.024 0.007 1 2 6.330 93.670
10 NMIC-700C_10 7 0.755 -0.318 59.287 16.395 1.082 0.012 0.938 0.04 4.038 0.092 0.035 -0.034 0.006 1 2 7.672 92.328
11 NMIC-700C_11 6.849 0.632 -0.266 59.035 16.212 1.117 0.014 1.005 0.022 4.111 0.111 0.034 -0.005 -0.005 1 2 8.134 91.866
12 NMIC-700C_12 7.27 0.797 -0.336 59.571 16.392 1.139 0.018 1.114 0.04 4.086 0.066 0.028 -0.014 0.002 1 2 6.827 93.173
13 NMIC-700C_13 7.124 0.791 -0.333 59.818 16.602 1.083 0.017 1.041 0.044 4.059 0.099 0.02 -0.003 0.009 1 2 6.629 93.371
14 NMIC-700C_14 7.061 0.761 -0.320 59.617 16.635 1.128 0.014 1.086 -0.003 4.096 0.126 0.041 -0.042 0.007 1 2 6.793 93.207
15 NMIC-700C_15 6.922 0.762 -0.321 59.657 16.589 0.961 0.022 0.993 0.015 4.098 0.116 0.021 0.003 0.007 1 2 7.155 92.845
16 NMIC-700C_16 7.095 0.757 -0.319 60.097 16.51 1.059 0.012 1.192 0.053 4.173 0.145 0.044 -0.009 0.016 1 2 6.175 93.825
17 NMIC-700C_17 6.918 0.783 -0.330 59.724 16.664 1.23 0.007 1.144 0.016 4.075 0.014 0.046 -0.031 0.008 1 2 6.732 93.268
18 NMIC-700C_18 7.156 0.707 -0.298 60.257 16.602 1.004 0.022 0.941 0.018 4.102 0.128 0.027 -0.013 0.008 1 2 6.339 93.661
19 NMIC-700C_19 7.096 0.797 -0.336 59.574 16.55 1.031 0.014 0.857 0.035 4.015 0.084 0.025 -0.01 -0.005 1 2 7.273 92.727
20 NMIC-700C_20 7.161 0.87 -0.366 59.929 16.577 1.091 -0.001 1.042 0.011 4.097 0.083 0.045 -0.017 0.001 1 2 6.477 93.523
ASI 1.05
Minimum 4.785 0.632 -0.403 59.010 16.193 0.961 -0.001 0.857 -0.003 4.015 -0.048 0.020 -0.042 -0.005 1.000 2.000 6.175 91.525
Maximum 7.270 0.956 -0.266 60.442 16.827 1.230 0.022 1.192 0.053 4.173 0.168 0.063 0.005 0.016 1.000 2.000 8.475 93.825
Average 6.860 0.807 -0.340 59.641 16.564 1.086 0.014 1.031 0.027 4.084 0.095 0.035 -0.018 0.005 1.000 2.000 7.110 92.890
Sigma  0.612 0.075 0.032 0.395 0.176 0.066 0.006 0.089 0.015 0.035 0.050 0.011 0.013 0.006 0.000 0.000 0.760 0.760
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NPYR-850: Pyrochlore dissolution experiment at 850 °C, 200 MPa, 5 days 
 
NPYR-800: Pyrochlore dissolution experiment at 800 °C, 200 MPa, 5 days 
 
 
 
 
 
Point Comment
Na2O 
(Mass%)
F 
(Mass%)
F Oxy. 
Eq.
SiO2 
(Mass%)
Al2O3 
(Mass%)
K2O 
(Mass%)
TiO2 
(Mass%)
CaO 
(Mass%)
Ta2O5 
(Mass%)
Ce2O3 
(Mass%)
La2O3 
(Mass%)
P2O5 
(Mass%)
Nb2O5 
(Mass%)
SrO 
(Mass%)
Li2O 
(Mass%)
B2O3 
(Mass%)
H2O 
(Mass%)
Total 
(Mass%)
1 NPYR-850_01 7.154 1.043 -0.439 59.709 16.771 3.981 0.151 0.083 -0.034 -0.037 0.013 1.105 2.294 -0.099 1 2 5.305 94.695
2 NPYR-850_02 7.166 1.073 -0.452 58.779 16.531 3.924 0.098 0.076 0.016 -0.057 0.013 1.039 2.128 -0.036 1 2 6.702 93.298
3 NPYR-850_03 7.05 0.998 -0.420 59.043 16.585 4.027 0.142 0.101 -0.026 -0.005 0.02 1.091 2.223 -0.048 1 2 6.219 93.781
4 NPYR-850_04 7.25 1.093 -0.460 58.863 16.727 4.078 0.136 0.084 0.033 0.026 -0.007 1.07 2.197 -0.046 1 2 5.956 94.044
5 NPYR-850_05 7.119 1.038 -0.437 58.665 16.545 4.047 0.153 0.086 -0.058 -0.068 -0.04 1.077 2.223 -0.013 1 2 6.663 93.337
6 NPYR-850_06 7.05 1.207 -0.508 59.102 16.423 3.932 0.157 0.077 0.051 0.037 0.081 1.075 2.152 -0.07 1 2 6.234 93.766
7 NPYR-850_07 6.91 1.054 -0.444 58.858 16.671 3.906 0.153 0.083 -0.079 0.026 -0.04 1.023 2.092 -0.037 1 2 6.824 93.176
8 NPYR-850_08 7.156 1.01 -0.425 58.741 16.21 4.091 0.18 0.073 -0.073 -0.057 0.027 1.056 2.323 0.056 1 2 6.632 93.368
9 NPYR-850_09 7.562 0.974 -0.410 58.965 16.619 3.87 0.178 0.096 0.004 -0.01 -0.034 1.102 2.083 0.014 1 2 5.987 94.013
10 NPYR-850_10 7.193 0.935 -0.394 59.266 16.658 4.179 0.12 0.09 0.026 -0.064 -0.082 1.041 2.198 -0.03 1 2 5.864 94.136
11 NPYR-850_11 7.536 0.954 -0.402 58.935 16.681 4.088 0.144 0.081 -0.009 0.074 -0.076 1.063 2.203 -0.063 1 2 5.791 94.209
12 NPYR-850_12 7.241 0.987 -0.416 58.912 16.428 4.063 0.156 0.078 0.059 0.043 0.055 0.907 2.163 -0.049 1 2 6.373 93.627
13 NPYR-850_13 7.28 0.83 -0.349 58.806 16.639 4.027 0.125 0.082 -0.038 0.016 -0.014 0.974 2.29 -0.048 1 2 6.380 93.620
14 NPYR-850_14 7.07 1.127 -0.475 58.54 16.554 4.047 0.135 0.075 -0.065 0.053 -0.027 1.057 2.247 -0.097 1 2 6.759 93.241
15 NPYR-850_15 7.576 0.984 -0.414 58.581 16.702 4.018 0.181 0.086 0.008 0.069 0.041 0.933 2.24 -0.044 1 2 6.039 93.961
16 NPYR-850_16 7.193 1.039 -0.437 58.793 16.612 4.027 0.165 0.076 0.01 -0.016 0.021 1.057 2.272 -0.083 1 2 6.271 93.729
17 NPYR-850_17 7.113 1.073 -0.452 58.619 16.269 3.889 0.14 0.079 0.096 0.08 0.027 1.026 2.257 -0.049 1 2 6.833 93.167
18 NPYR-850_18 7.511 1.057 -0.445 58.289 16.598 4.09 0.176 0.077 -0.071 -0.048 0.048 1.067 2.252 -0.114 1 2 6.513 93.487
19 NPYR-850_19 7.521 1.156 -0.487 59.774 16.752 4.033 0.161 0.089 0.082 0.053 0.007 1.204 2.134 -0.018 1 2 4.539 95.461
20 NPYR-850_20 6.897 1.075 -0.453 58.128 16.435 3.957 0.15 0.092 -0.06 0.011 0.062 1.219 2.152 -0.027 1 2 7.362 92.638
ASI 1.02
Minimum 6.897 0.830 -0.508 58.128 16.210 3.870 0.098 0.073 -0.079 -0.068 -0.082 0.907 2.083 -0.114 1.000 2.000 4.539 92.638
Maximum 7.576 1.207 -0.349 59.774 16.771 4.179 0.181 0.101 0.096 0.080 0.081 1.219 2.323 0.056 1.000 2.000 7.362 95.461
Average 7.227 1.035 -0.436 58.868 16.571 4.014 0.150 0.083 -0.006 0.006 0.005 1.059 2.206 -0.045 1.000 2.000 6.262 93.738
Sigma  0.210 0.083 0.035 0.397 0.152 0.080 0.021 0.007 0.054 0.049 0.044 0.073 0.068 0.039 0.000 0.000 0.614 0.614
Point Comment
Na2O 
(Mass%)
F 
(Mass%)
F Oxy. 
Eq.
SiO2 
(Mass%)
Al2O3 
(Mass%)
K2O 
(Mass%)
TiO2 
(Mass%)
CaO 
(Mass%)
Ta2O5 
(Mass%)
Ce2O3 
(Mass%)
La2O3 
(Mass%)
P2O5 
(Mass%)
Nb2O5 
(Mass%)
SrO 
(Mass%)
Li2O 
(Mass%)
B2O3 
(Mass%)
H2O 
(Mass%)
Total 
(Mass%)
21 NPYR-800_01 7.053 0.984 -0.414 59.591 16.834 4.089 0.137 0.037 0.038 0.021 -0.014 1.024 1.658 -0.051 1 2 6.013 93.987
22 NPYR-800_02 7.284 0.906 -0.381 57.874 16.346 3.976 0.161 0.082 0.045 0 -0.062 1.062 1.652 -0.045 1 2 8.100 91.900
23 NPYR-800_03 7.267 0.941 -0.396 59.051 16.376 4.048 0.095 0.052 -0.001 0.032 -0.041 1.178 1.656 0.048 1 2 6.694 93.306
24 NPYR-800_04 7.273 0.969 -0.408 58.435 16.256 4.042 0.134 0.043 0.044 0 0.014 1.136 1.682 -0.018 1 2 7.398 92.602
25 NPYR-800_05 6.8 0.846 -0.356 58.324 16.435 4.132 0.155 0.047 0.045 0.048 -0.096 1.108 1.676 -0.062 1 2 7.898 92.102
26 NPYR-800_06 7.241 0.946 -0.398 58.696 16.569 4.188 0.143 0.045 -0.003 -0.069 -0.021 1.04 1.629 -0.046 1 2 7.040 92.960
27 NPYR-800_07 7.183 1.006 -0.424 58.754 16.545 4.041 0.136 0.04 -0.009 0.048 0.027 0.968 1.674 -0.061 1 2 7.072 92.928
28 NPYR-800_08 7.172 0.89 -0.375 58.957 16.602 4.016 0.151 0.057 -0.048 -0.005 0.055 1.15 1.761 0.012 1 2 6.605 93.395
29 NPYR-800_09 7.186 1.082 -0.456 59.006 16.556 4.094 0.132 0.046 0.023 0.011 0.021 1.146 1.671 -0.06 1 2 6.542 93.458
30 NPYR-800_10 7.313 0.788 -0.332 58.65 16.391 4.001 0.145 0.046 -0.011 -0.037 -0.027 1.202 1.769 -0.107 1 2 7.209 92.791
31 NPYR-800_11 7.115 0.972 -0.409 58.439 16.43 4.013 0.122 0.054 -0.055 -0.032 -0.116 1.149 1.715 0 1 2 7.603 92.397
32 NPYR-800_12 6.952 0.874 -0.368 58.833 16.324 4.054 0.179 0.048 -0.005 0.042 -0.048 1.034 1.71 -0.007 1 2 7.378 92.622
33 NPYR-800_13 6.999 1.095 -0.461 58.917 16.582 4.081 0.106 0.056 -0.081 0.074 -0.062 1.051 1.658 -0.023 1 2 7.008 92.992
34 NPYR-800_14 7.214 0.954 -0.402 58.287 16.604 4.101 0.112 0.047 -0.067 0.005 0.061 1.219 1.561 -0.01 1 2 7.314 92.686
35 NPYR-800_15 7.011 1.028 -0.433 58.211 16.38 4.093 0.148 0.042 0.006 -0.085 -0.048 1.157 1.65 0.009 1 2 7.831 92.169
36 NPYR-800_16 7.162 1.064 -0.448 58.486 16.159 3.983 0.154 0.032 -0.006 -0.032 0.007 0.962 1.56 -0.104 1 2 8.021 91.979
37 NPYR-800_17 6.914 0.9 -0.379 57.968 16.542 3.999 0.164 0.044 -0.097 0.048 -0.048 1.165 1.727 -0.079 1 2 8.132 91.868
38 NPYR-800_18 6.94 0.912 -0.384 58.183 16.291 3.906 0.104 0.048 0.035 0.021 -0.007 1.114 1.629 -0.089 1 2 8.297 91.703
39 NPYR-800_19 6.845 0.926 -0.390 57.853 15.991 4.046 0.136 0.054 0.045 0 -0.068 1.192 1.762 0.009 1 2 8.599 91.401
40 NPYR-800_20 7.203 1.035 -0.436 58.374 16.617 4.056 0.114 0.057 -0.022 0.037 -0.014 1.236 1.541 -0.121 1 2 7.323 92.677
ASI 1.02
Minimum 6.800 0.788 -0.461 57.853 15.991 3.906 0.095 0.032 -0.097 -0.085 -0.116 0.962 1.541 -0.121 1.000 2.000 6.013 91.401
Maximum 7.313 1.095 -0.332 59.591 16.834 4.188 0.179 0.082 0.045 0.074 0.061 1.236 1.769 0.048 1.000 2.000 8.599 93.987
Average 7.106 0.956 -0.402 58.544 16.442 4.048 0.136 0.049 -0.006 0.006 -0.024 1.115 1.667 -0.040 1.000 2.000 7.404 92.596
Sigma  0.156 0.080 0.034 0.442 0.189 0.062 0.022 0.010 0.044 0.041 0.047 0.081 0.064 0.046 0.000 0.000 0.663 0.663
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NPYR-800-2: Repeat pyrochlore dissolution experiment at 800 °C, 200 MPa, 5 days 
 
NPYR-750: Pyrochlore dissolution experiment at 750 °C, 200 MPa, 5 days 
 
 
 
 
Point Comment
Na2O 
(Mass%)
F 
(Mass%)
F Oxy. 
Eq.
SiO2 
(Mass%)
Al2O3 
(Mass%)
K2O 
(Mass%)
TiO2 
(Mass%)
CaO 
(Mass%)
Ta2O5 
(Mass%)
Ce2O3 
(Mass%)
La2O3 
(Mass%)
P2O5 
(Mass%)
Nb2O5 
(Mass%)
SrO 
(Mass%)
Li2O 
(Mass%)
B2O3 
(Mass%)
H2O 
(Mass%)
Total 
(Mass%)
41 NPYR-800-2_01 7.139 1.147 -0.483 58.124 16.162 4.011 0.13 0.042 0.069 0.037 -0.055 1.298 1.638 -0.005 1 2 7.746 92.254
42 NPYR-800-2_02 7.15 0.88 -0.371 57.984 16.25 3.978 0.166 0.051 0.075 0.053 0.061 1.098 1.747 -0.053 1 2 7.931 92.069
43 NPYR-800-2_03 7.004 0.919 -0.387 58.179 16.588 3.932 0.161 0.05 -0.039 -0.011 0.014 1.06 1.716 0.057 1 2 7.757 92.243
44 NPYR-800-2_04 6.962 0.995 -0.419 58.287 16.433 3.984 0.085 0.05 -0.024 -0.032 0 1.24 1.797 -0.085 1 2 7.727 92.273
45 NPYR-800-2_05 7.085 1.036 -0.436 58.123 16.196 4.045 0.143 0.049 -0.034 0.048 0.089 1.187 1.634 -0.053 1 2 7.888 92.112
46 NPYR-800-2_06 7.1 1.269 -0.534 58.426 16.474 4.023 0.131 0.035 -0.013 -0.095 0.123 1.098 1.726 0.009 1 2 7.228 92.772
47 NPYR-800-2_07 7.127 0.965 -0.406 58.022 16.238 3.946 0.14 0.045 0.035 0.016 0.007 1.055 1.625 0.018 1 2 8.167 91.833
48 NPYR-800-2_08 7.106 0.987 -0.416 58.019 16.31 4.04 0.136 0.047 0.003 -0.053 -0.048 1.335 1.772 -0.012 1 2 7.774 92.226
49 NPYR-800-2_09 6.993 1.019 -0.429 58.348 15.927 4.014 0.101 0.052 0.019 -0.027 0.007 1.135 1.645 -0.048 1 2 8.244 91.756
50 NPYR-800-2_10 7.21 0.936 -0.394 58.145 16.143 3.953 0.11 0.049 0.042 -0.021 0.089 1.17 1.601 -0.12 1 2 8.087 91.913
51 NPYR-800-2_11 6.957 0.858 -0.361 57.885 16.111 4.088 0.157 0.051 -0.012 0.032 0.041 1.241 1.648 0.039 1 2 8.265 91.735
52 NPYR-800-2_12 7.062 0.948 -0.399 58.425 16.595 4.005 0.147 0.042 -0.02 0.005 0.124 1.142 1.687 -0.051 1 2 7.288 92.712
53 NPYR-800-2_13 7.113 1.124 -0.473 57.725 16.207 4.025 0.158 0.039 -0.024 0.032 -0.041 1.021 1.634 -0.035 1 2 8.495 91.505
54 NPYR-800-2_14 7.044 0.996 -0.419 57.737 16.441 4.085 0.119 0.042 0.002 -0.032 0 1.173 1.673 0.022 1 2 8.117 91.883
55 NPYR-800-2_15 6.968 0.99 -0.417 58.624 16.669 4.039 0.119 0.052 -0.044 -0.059 0.103 1.057 1.701 -0.014 1 2 7.212 92.788
56 NPYR-800-2_16 7.339 0.88 -0.371 57.633 16.204 4.023 0.131 0.045 0.039 0.053 0.007 1.088 1.608 -0.067 1 2 8.388 91.612
57 NPYR-800-2_17 7.026 0.939 -0.395 58.067 16.311 4.05 0.167 0.037 -0.055 -0.011 0.028 1.1 1.731 -0.061 1 2 8.066 91.934
58 NPYR-800-2_18 6.982 0.838 -0.353 58.659 16.309 4.031 0.158 0.052 -0.042 0.016 0.007 1.145 1.845 -0.033 1 2 7.386 92.614
59 NPYR-800-2_19 7.033 0.936 -0.394 57.512 16.4 4.015 0.119 0.048 0.083 0.054 0.028 1.183 1.747 -0.027 1 2 8.263 91.737
60 NPYR-800-2_20 7.097 0.96 -0.404 58.273 16.354 3.934 0.155 0.053 0.013 0.011 -0.069 1.014 1.668 -0.055 1 2 7.996 92.004
ASI 1.02
Minimum 6.957 0.838 -0.534 57.512 15.927 3.932 0.085 0.035 -0.055 -0.095 -0.069 1.014 1.601 -0.120 1.000 2.000 7.212 91.505
Maximum 7.339 1.269 -0.353 58.659 16.669 4.088 0.167 0.053 0.083 0.054 0.124 1.335 1.845 0.057 1.000 2.000 8.495 92.788
Average 7.075 0.981 -0.413 58.110 16.316 4.011 0.137 0.047 0.004 0.001 0.026 1.142 1.692 -0.029 1.000 2.000 7.901 92.099
Sigma  0.094 0.103 0.044 0.311 0.183 0.045 0.023 0.005 0.042 0.042 0.058 0.088 0.067 0.044 0.000 0.000 0.385 0.385
Point Comment
Na2O 
(Mass%)
F 
(Mass%)
F Oxy. 
Eq.
SiO2 
(Mass%)
Al2O3 
(Mass%)
K2O 
(Mass%)
TiO2 
(Mass%)
CaO 
(Mass%)
Ta2O5 
(Mass%)
Ce2O3 
(Mass%)
La2O3 
(Mass%)
P2O5 
(Mass%)
Nb2O5 
(Mass%)
SrO 
(Mass%)
Li2O 
(Mass%)
B2O3 
(Mass%)
H2O 
(Mass%)
Total 
(Mass%)
61 NPYR-750_01 7.289 0.879 -0.370 58.469 16.4 3.997 0.088 0.033 -0.079 0.016 0.055 1.222 1.285 -0.038 1 2 7.754 92.246
62 NPYR-750_02 6.832 0.806 -0.339 57.674 16.162 3.978 0.102 0.033 -0.021 0.043 0.048 1.176 1.448 0.023 1 2 9.035 90.965
63 NPYR-750_03 7.14 0.869 -0.366 58.64 16.449 4.101 0.121 0.032 0.057 0.011 -0.089 1.163 1.369 -0.012 1 2 7.515 92.485
64 NPYR-750_04 6.926 1.06 -0.446 58.284 16.282 4.028 0.099 0.035 0.037 0.011 -0.007 1.221 1.25 0.012 1 2 8.208 91.792
65 NPYR-750_05 7.162 0.963 -0.405 58.314 16.202 4.037 0.147 0.028 -0.097 0.122 -0.048 1.089 1.394 -0.008 1 2 8.100 91.900
66 NPYR-750_06 7.163 1.016 -0.428 58.851 16.42 3.99 0.079 0.033 0.137 0.059 0.062 1.176 1.395 -0.035 1 2 7.082 92.918
67 NPYR-750_07 7.261 1.115 -0.469 58.44 16.227 4.147 0.091 0.028 0.038 -0.096 -0.055 1.128 1.528 -0.039 1 2 7.656 92.344
68 NPYR-750_08 7.215 1.023 -0.431 57.696 16.16 4.034 0.098 0.04 -0.032 0 0.027 1.235 1.345 0.04 1 2 8.550 91.450
69 NPYR-750_09 7.32 0.949 -0.400 58.439 16.544 3.922 0.103 0.038 0.073 0.016 -0.075 1.223 1.359 -0.092 1 2 7.581 92.419
70 NPYR-750_10 7.38 1.006 -0.424 58.719 16.539 3.933 0.119 0.038 0.072 0.069 -0.021 1.232 1.296 -0.005 1 2 7.047 92.953
71 NPYR-750_11 7.253 1.162 -0.489 58.488 16.344 4.038 0.084 0.031 0.008 -0.058 0 1.173 1.264 0.032 1 2 7.670 92.330
72 NPYR-750_12 7.388 1.027 -0.432 58.251 16.433 3.99 0.111 0.04 -0.066 -0.069 -0.027 1.211 1.383 0.014 1 2 7.746 92.254
73 NPYR-750_13 7.253 0.828 -0.349 58.188 16.418 3.915 0.15 0.04 0.028 0.027 0.021 1.127 1.408 -0.089 1 2 8.035 91.965
74 NPYR-750_14 7.108 1.116 -0.470 58.23 16.401 4.146 0.075 0.033 0.035 0.032 0.034 1.108 1.355 -0.08 1 2 7.877 92.123
75 NPYR-750_15 7.116 0.85 -0.358 58.618 16.547 4.101 0.097 0.038 0.058 0.085 0.034 1.22 1.396 0.005 1 2 7.193 92.807
76 NPYR-750_16 7.105 0.86 -0.362 58.212 16.526 3.989 0.127 0.04 0.062 0.101 -0.069 1.138 1.399 -0.079 1 2 7.951 92.049
77 NPYR-750_17 6.891 1.098 -0.462 57.715 16.222 4.155 0.082 0.031 -0.025 -0.048 -0.055 1.1 1.363 -0.006 1 2 8.939 91.061
78 NPYR-750_18 6.956 0.966 -0.407 58.501 16.42 4.082 0.127 0.028 0.044 -0.064 -0.021 1.186 1.324 -0.046 1 2 7.904 92.096
79 NPYR-750_19 7.402 1.008 -0.424 58.389 16.596 4.149 0.083 0.019 0.044 -0.112 0.096 1.282 1.221 -0.031 1 2 7.278 92.722
80 NPYR-750_20 7.364 1.004 -0.423 58.579 16.637 4.004 0.132 0.035 -0.003 0 0.062 1.178 1.359 -0.114 1 2 7.186 92.814
ASI 1.01
Minimum 6.832 0.806 -0.489 57.674 16.160 3.915 0.075 0.019 -0.097 -0.112 -0.089 1.089 1.221 -0.114 1.000 2.000 7.047 90.965
Maximum 7.402 1.162 -0.339 58.851 16.637 4.155 0.150 0.040 0.137 0.122 0.096 1.282 1.528 0.040 1.000 2.000 9.035 92.953
Average 7.176 0.980 -0.413 58.335 16.396 4.037 0.106 0.034 0.019 0.007 -0.001 1.179 1.357 -0.027 1.000 2.000 7.815 92.185
Sigma  0.171 0.104 0.044 0.327 0.147 0.077 0.023 0.005 0.058 0.065 0.053 0.052 0.071 0.045 0.000 0.000 0.562 0.562
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NPYR-700: Pyrochlore dissolution experiment at 700 °C, 200 MPa, 5 days 
 
NPYR-700C: Pyrochlore crystallization experiment at 700 °C, 200 MPa, 10-day 
total duration 
 
 
 
 
Point Comment
Na2O 
(Mass%)
F 
(Mass%)
F Oxy. 
Eq.
SiO2 
(Mass%)
Al2O3 
(Mass%)
K2O 
(Mass%)
TiO2 
(Mass%)
CaO 
(Mass%)
Ta2O5 
(Mass%)
Ce2O3 
(Mass%)
La2O3 
(Mass%)
P2O5 
(Mass%)
Nb2O5 
(Mass%)
SrO 
(Mass%)
Li2O 
(Mass%)
B2O3 
(Mass%)
H2O 
(Mass%)
Total 
(Mass%)
81 NPYR-700_01 7.179 0.89 -0.375 58.921 16.358 4.031 0.053 0.072 0.017 -0.048 -0.048 1.465 1.047 -0.034 1 2 7.472 92.528
82 NPYR-700_02 6.896 0.939 -0.395 57.763 16.293 3.804 0.015 0.371 -0.016 -0.106 0.055 1.395 1.039 0.025 1 2 8.922 91.078
83 NPYR-700_03 7.219 0.885 -0.373 58.731 16.567 4.065 0.071 0.008 -0.065 -0.005 -0.034 1.357 1.047 -0.106 1 2 7.633 92.367
84 NPYR-700_04 7.178 0.96 -0.404 58.525 16.6 4 0.048 0.005 0.06 0.069 0.055 1.291 1.127 0.057 1 2 7.429 92.571
85 NPYR-700_05 7.07 0.975 -0.411 58.017 16.568 3.899 0.082 0.025 -0.018 -0.021 0.137 1.125 1.145 -0.038 1 2 8.445 91.555
86 NPYR-700_06 6.932 1.012 -0.426 58.223 16.556 3.996 0.061 0.012 0.065 -0.074 0.068 1.261 1.202 0 1 2 8.112 91.888
87 NPYR-700_07 6.877 0.922 -0.388 58.141 16.484 4.004 0.083 0.015 0.04 0.026 0.034 1.222 1.061 -0.022 1 2 8.501 91.499
88 NPYR-700_08 7.11 0.673 -0.283 58.322 16.337 3.985 0.12 0.007 0.031 -0.085 0.041 1.209 1.022 -0.003 1 2 8.514 91.486
89 NPYR-700_09 6.735 0.788 -0.332 58.743 16.466 4.114 0.063 0.031 0.054 -0.063 0 1.276 1.05 0.027 1 2 8.048 91.952
90 NPYR-700_10 7.088 1.181 -0.497 57.653 16.245 3.966 0.107 0.023 -0.003 -0.011 -0.184 1.263 1.126 -0.064 1 2 9.107 90.893
91 NPYR-700_11 7.267 0.845 -0.356 58.378 16.372 4.05 0.085 0.019 0.064 -0.042 0.061 1.251 1.181 0.018 1 2 7.807 92.193
92 NPYR-700_12 6.935 1.033 -0.435 58.177 16.4 3.952 0.083 0.012 -0.108 0.016 -0.055 1.197 0.939 -0.041 1 2 8.895 91.105
93 NPYR-700_13 6.871 1.049 -0.442 58.071 16.354 3.861 0.059 0.019 0.087 -0.032 -0.034 1.283 1.08 0 1 2 8.774 91.226
94 NPYR-700_14 6.699 0.958 -0.403 58.537 16.558 4.036 0.097 0.021 -0.075 0.09 0.041 1.271 1.113 -0.085 1 2 8.142 91.858
95 NPYR-700_15 7.146 1.049 -0.442 58.408 16.392 3.94 0.092 0.021 -0.086 0.005 -0.007 1.257 1.157 -0.016 1 2 8.084 91.916
96 NPYR-700_16 6.723 0.834 -0.351 57.807 16.405 4.049 0.092 0.014 -0.02 -0.074 -0.095 1.241 1.255 -0.06 1 2 9.180 90.820
97 NPYR-700_17 7.222 0.96 -0.404 57.945 16.108 4.002 0.102 0.011 0.057 -0.021 -0.075 1.144 1.14 -0.052 1 2 8.861 91.139
98 NPYR-700_18 7.134 0.997 -0.420 58.153 16.176 3.921 0.086 0.016 -0.066 0.032 0.069 1.126 1.004 0.012 1 2 8.760 91.240
99 NPYR-700_19 6.74 0.981 -0.413 57.595 16.305 3.953 0.092 0.019 -0.07 0.032 -0.082 1.333 0.979 0.002 1 2 9.534 90.466
100 NPYR-700_20 7.185 1.017 -0.428 58.179 16.342 4.096 0.093 0.029 -0.034 0.053 0 1.226 1.026 -0.007 1 2 8.223 91.777
ASI 1.03
Minimum 6.699 0.673 -0.497 57.595 16.108 3.804 0.015 0.005 -0.108 -0.106 -0.184 1.125 0.939 -0.106 1.000 2.000 7.429 90.466
Maximum 7.267 1.181 -0.283 58.921 16.600 4.114 0.120 0.371 0.087 0.090 0.137 1.465 1.255 0.057 1.000 2.000 9.534 92.571
Average 7.010 0.947 -0.399 58.214 16.394 3.986 0.079 0.038 -0.004 -0.013 -0.003 1.260 1.087 -0.019 1.000 2.000 8.422 91.578
Sigma  0.190 0.110 0.046 0.365 0.135 0.077 0.024 0.080 0.060 0.054 0.074 0.085 0.080 0.041 0.000 0.000 0.588 0.588
Point Comment
Na2O 
(Mass%)
F 
(Mass%)
F Oxy. 
Eq.
SiO2 
(Mass%)
Al2O3 
(Mass%)
K2O 
(Mass%)
TiO2 
(Mass%)
CaO 
(Mass%)
Ta2O5 
(Mass%)
Ce2O3 
(Mass%)
La2O3 
(Mass%)
P2O5 
(Mass%)
Nb2O5 
(Mass%)
SrO 
(Mass%)
Li2O 
(Mass%)
B2O3 
(Mass%)
H2O 
(Mass%)
Total 
(Mass%)
101 NPYR-700C_01 7.257 1.085 -0.457 58.604 15.948 4.108 0.082 0.02 0.018 -0.053 -0.007 1.144 0.988 0.016 1 2 8.247 91.753
102 NPYR-700C_02 6.923 1.065 -0.448 58.264 16.085 3.949 0.148 0.014 -0.032 -0.091 0 1.087 1.054 0.013 1 2 8.969 91.031
103 NPYR-700C_03 6.803 1.063 -0.448 58.498 16.207 3.976 0.138 0.023 -0.018 -0.112 0.014 1.323 0.875 -0.036 1 2 8.694 91.306
104 NPYR-700C_04 6.956 0.98 -0.413 57.758 16.365 4.014 0.145 0.02 0.062 -0.058 0 1.174 0.934 -0.015 1 2 9.078 90.922
105 NPYR-700C_05 7.127 1.025 -0.432 57.778 16.448 3.985 0.138 0.028 -0.023 -0.021 0.027 1.256 1.017 -0.093 1 2 8.740 91.260
106 NPYR-700C_06 7.06 0.988 -0.416 58.529 16.241 4.049 0.136 0.02 0.033 -0.011 0.041 1.114 1.02 0.007 1 2 8.189 91.811
107 NPYR-700C_07 6.882 0.867 -0.365 57.22 16.139 3.822 0.127 0.025 -0.043 0.053 0.062 1.149 0.974 0.002 1 2 10.086 89.914
108 NPYR-700C_08 7.081 0.897 -0.378 57.704 16.388 4.066 0.158 0.025 -0.022 0.079 -0.014 1.226 1.067 -0.079 1 2 8.802 91.198
109 NPYR-700C_09 6.834 0.937 -0.395 57.835 16.06 3.94 0.112 0.021 0.002 -0.005 -0.15 1.394 0.984 -0.083 1 2 9.514 90.486
110 NPYR-700C_10 7.035 0.956 -0.403 58.104 16.301 3.9 0.155 0.027 0.004 0 0.034 1.394 0.966 0.056 1 2 8.471 91.529
111 NPYR-700C_11 7.31 1.04 -0.438 57.601 16.339 3.994 0.135 0.011 -0.048 0.021 -0.02 1.178 1.016 0.042 1 2 8.819 91.181
112 NPYR-700C_12 7.312 0.829 -0.349 57.748 15.992 4.043 0.159 0.005 0.021 0.058 0.048 1.169 0.941 -0.095 1 2 9.119 90.881
113 NPYR-700C_13 6.305 0.788 -0.332 57.853 16.105 3.985 0.131 0.019 -0.115 0.042 -0.02 1.146 0.945 -0.029 1 2 10.177 89.823
114 NPYR-700C_14 7.201 0.988 -0.416 57.923 16.193 4.027 0.142 0.02 -0.039 0 0.007 1.078 0.932 -0.063 1 2 9.007 90.993
115 NPYR-700C_15 6.966 0.927 -0.390 57.89 16.326 4.038 0.115 0.017 -0.046 0.063 -0.081 1.369 1.105 -0.054 1 2 8.755 91.245
116 NPYR-700C_16 7.352 0.959 -0.404 58.223 16.304 3.989 0.141 0.01 0.084 -0.116 -0.02 1.02 1.039 -0.045 1 2 8.464 91.536
117 NPYR-700C_17 7.033 0.972 -0.409 57.869 15.864 3.98 0.11 0.016 -0.037 0.016 -0.075 1.234 1.121 -0.111 1 2 9.417 90.583
118 NPYR-700C_18 6.903 0.951 -0.400 57.808 16.31 4.078 0.138 0.015 0.041 0.021 0.041 1.137 0.92 -0.041 1 2 9.078 90.922
119 NPYR-700C_19 7.113 0.951 -0.400 58.181 16.207 4.074 0.179 0.021 -0.058 0.058 0.136 1.346 1.04 -0.002 1 2 8.154 91.846
120 NPYR-700C_20 7.098 0.871 -0.367 58.334 16.445 4.021 0.177 0.031 0.095 0.142 -0.047 1.337 1.019 -0.102 1 2 7.946 92.054
ASI 1.02
Minimum 6.305 0.788 -0.457 57.220 15.864 3.822 0.082 0.005 -0.115 -0.116 -0.150 1.020 0.875 -0.111 1.000 2.000 7.946 89.823
Maximum 7.352 1.085 -0.332 58.604 16.448 4.108 0.179 0.031 0.095 0.142 0.136 1.394 1.121 0.056 1.000 2.000 10.177 92.054
Average 7.028 0.957 -0.403 57.986 16.213 4.002 0.138 0.019 -0.006 0.004 -0.001 1.214 0.998 -0.036 1.000 2.000 8.886 91.114
Sigma  0.234 0.079 0.033 0.349 0.165 0.067 0.023 0.006 0.052 0.066 0.060 0.113 0.064 0.049 0.000 0.000 0.593 0.593
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Appendix I: BSE images of experiments and location of EPMA analysis spots for 
McNeil (2018, Chapter 3). Mineral phases such as apatite, or microlite in tantalite-
(Mn) and wodginite experiments are typically too small to be visible in these images. 
Experiment descriptions are provided below the images.  
 
Ti-WOD-700-1: Titanowodginite dissolution experiment at 700 °C, 200 MPa, 5 days 
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Ti-WOD-700C-1: Titanowodginite crystallization experiment at 700 °C, 200 MPa, 
10-day total duration 
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Ti-WOD-750: Titanowodginite dissolution experiment at 750 °C, 200 MPa, 5 days 
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Ti-WOD-800-1: Titanowodginite dissolution experiment at 800 °C, 200 MPa, 5 days 
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Ti-WOD-800-2: Repeat titanowodginite dissolution experiment at 800 °C, 200 MPa, 
5 days 
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Ti-WOD-850: Titanowodginite dissolution experiment at 850 °C, 200 MPa, 5 days 
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TAN-700: Tantalite-(Mn) dissolution experiment at 700 °C, 200 MPa, 5 days 
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TAN-750: Tantalite-(Mn) dissolution experiment at 750 °C, 200 MPa, 5 days 
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TAN-750C: Tantalite-(Mn) crystallization experiment at 750 °C, 200 MPa, 10-day 
total duration 
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TAN-800: Tantalite-(Mn) dissolution experiment at 800 °C, 200 MPa, 5 days 
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TAN-800-2: Repeat tantalite-(Mn) dissolution experiment at 800 °C, 200 MPa, 5 
days 
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TAN-850: Tantalite-(Mn) dissolution experiment at 850 °C, 200 MPa, 5 days 
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COL-700: Columbite-(Mn) dissolution experiment at 700 °C, 200 MPa, 5 days 
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COL-700C-1: Columbite-(Mn) crystallization experiment at 700 °C, 200 MPa, 10-
day total duration 
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COL-750: Columbite-(Mn) dissolution experiment at 750 °C, 200 MPa, 5 days 
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COL-800: Columbite-(Mn) dissolution experiment at 800 °C, 200 MPa, 5 days 
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COL-800-2: Repeat columbite-(Mn) dissolution experiment at 800 °C, 200 MPa, 5 
days 
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COL-850: Columbite-(Mn) dissolution experiment at 850 °C, 200 MPa, 5 days 
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NWOD-700FG: Wodginite dissolution experiment at 700 °C, 200 MPa, 5 days 
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NWOD-700FG-C: Wodginite crystallization experiment at 700 °C, 200 MPa, 10-day 
total duration 
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NWOD-750FG: Wodginite dissolution experiment at 750 °C, 200 MPa, 5 days 
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NWOD-800FG: Wodginite dissolution experiment at 800 °C, 200 MPa, 5 days 
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NWOD-800FG-2: Repeat wodginite dissolution experiment at 800 °C, 200 MPa, 5 
days 
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NWOD-850FG: Wodginite dissolution experiment at 850 °C, 200 MPa, 5 days 
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NMIC-700: Microlite dissolution experiment at 700 °C, 200 MPa, 5 days 
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NMIC-700C: Microlite crystallization experiment at 700 °C, 200 MPa, 10-day total 
duration 
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NMIC-750: Microlite dissolution experiment at 750 °C, 200 MPa, 5 days 
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NMIC-800: Microlite dissolution experiment at 800 °C, 200 MPa, 5 days 
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NMIC-800-2: Repeat microlite dissolution experiment at 800 °C, 200 MPa, 5 days 
319 
 
 
NMIC-850: Microlite dissolution experiment at 850 °C, 200 MPa, 5 days 
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NPYR-700: Pyrochlore dissolution experiment at 700 °C, 200 MPa, 5 days 
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NPYR-700C: Pyrochlore crystallization experiment at 700 °C, 200 MPa, 10-day 
total duration 
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NPYR-750: Pyrochlore dissolution experiment at 750 °C, 200 MPa, 5 days 
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NPYR-800: Pyrochlore dissolution experiment at 800 °C, 200 MPa, 5 days 
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NPYR-800: Repeat pyrochlore dissolution experiment at 800 °C, 200 MPa, 5 days 
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NPYR-850: Pyrochlore dissolution experiment at 850 °C, 200 MPa, 5 days 
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Appendix J: Raman spectra for phases present in TAN-700 (tantalite-(Mn) 
dissolution at 700 °C, 200 MPa, 5 days) experiment (McNeil 2018, Chapter 3) and 
reference spectra for lithiophilite from RRuff database. Tantalite-(Mn) and glass 
spectra collected for comparison are provided as well, as some lithiophilite spectra 
contain elements from tantalite-(Mn) crystals due to their proximity. 
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Lithiophilite Spectra from RRuff database, RRUFF ID: R070303. RRuff sample 
data is from natural crystals containing some Fe and trace Ca and Mg 
(http://rruff.info/lithiophilite/display=default/R070303).  
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Tantalite-(Mn) Spectra from RRuff database, RRUFF ID: R060252. RRuff sample 
data is from natural crystals containing some Fe and Nb (http://rruff.info/tantalite-
(mn)/display=default/R060252).  
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Appendix K: Calibration curve and standard data for SIMS analyses and SIMS 
data for McNeil (2018, Chapter 4). 
 
 
 
Sample 6Li/30Si 1S(%) 10B/30Si 1S(%) SiO2 Li2O B2O3 Li/Si B/Si
Actual 
6Li2O Conc.
Li Correction 
Factor
PEGA-STD-01 2.14E-01 0.08 1.47E-01 0.10 63.75 1.05 2.36 0.02 0.04 0.38 0.36
PEGA-STD-02 2.15E-01 0.08 1.47E-01 0.10 63.75 1.05 2.36 0.02 0.04 0.38 0.36
PEGA-STD-03 2.13E-01 0.08 1.48E-01 0.10 63.75 1.05 2.36 0.02 0.04 0.38 0.36
PEGA-STD-04 2.18E-01 0.08 1.47E-01 0.10 63.75 1.05 2.36 0.02 0.04 0.39 0.37
PEGA-STD-05 2.15E-01 0.08 1.48E-01 0.10 63.75 1.05 2.36 0.02 0.04 0.38 0.36
Average 2.15E-01 0.08 1.47E-01 0.10 - - - - - 0.38 0.36
NIST610-01 - - 8.39E-03 0.40 69.98 - 0.11 - 0.002 - -
NIST610-02 - - 8.37E-03 0.40 69.98 - 0.11 - 0.002 - -
NIST610-03 - - 8.25E-03 0.40 69.98 - 0.11 - 0.002 - -
Average - - 8.34E-03 0.40 - - - - - - -
PEGA and NIST 610 SIMS Standard Data Oct 17/17
Sample 6Li/30Si 1S(%) 10B/30Si 1S(%) SiO2 Li2O B2O3
TAN1.05-700-1 2.43E-01 0.09 1.28E-01 0.10 58.11 1.08 1.86
TAN1.05-700-2 2.45E-01 0.09 1.28E-01 0.10 58.11 1.09 1.87
TAN1.05-700-3 2.40E-01 0.09 1.29E-01 0.10 58.11 1.07 1.88
TAN1.05-700-4 2.40E-01 0.09 1.30E-01 0.10 58.11 1.07 1.90
TAN1.05-700-5 2.29E-01 0.09 1.34E-01 0.10 58.11 1.02 1.95
TAN1.05-700-6 2.35E-01 0.09 1.37E-01 0.10 58.11 1.05 2.00
Average 2.39E-01 0.09 1.31E-01 0.10 - 1.06 1.91
Standard deviation 
(1 sigma)
0.01 0.00 0.00 0.00 - 0.03 0.06
Li2O and B2O3 SIMS Data for TAN1.05-700
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Appendix L: EPMA data for all experiment run products (20 spots analyzed per 
experiment) in McNeil (2018, Chapter 4). H2O is calculated by difference from the 
total. Li2O and B2O3 are entered as estimates based on starting glass composition. 
Detection limits are (in ppm): Na – 900; F – 1700; Si – 800; Al – 700; K – 450; Ti – 
500; Ca – 170; Ta – 1000; P – 700; Nb – 750; Mn – 350; Sn – 500; Sc – 200; and Fe – 
375. Experiment descriptions are provided above the respective data.  
TAN1.05-800: ASI 1.10 tantalite-(Mn) dissolution experiment at 800 °C, 200 MPa, 5 
days 
 
 
 
 
 
 
 
 
 
Point Comment
Na2O 
(Mass%)
F 
(Mass%)
F Oxy. 
Eq.
SiO2 
(Mass%)
Al2O3 
(Mass%)
K2O 
(Mass%)
TiO2 
(Mass%)
Ta2O5 
(Mass%)
MnO 
(Mass%)
P2O5 
(Mass%)
Li2O 
(Mass%)
B2O3 
(Mass%)
H2O 
(Mass%)
Total 
(Mass%)
1 TAN1p05-800_01 6.525 0.643 -0.271 58.613 17.335 4.012 0.023 2.448 0.389 1.311 1 2 5.972 94.028
2 TAN1p05-800_02 6.593 0.659 -0.277 58.352 17.454 4.01 -0.013 2.632 0.405 1.31 1 2 5.875 94.125
3 TAN1p05-800_03 6.823 0.795 -0.335 58.026 17.563 3.978 -0.024 2.454 0.422 1.37 1 2 5.928 94.072
4 TAN1p05-800_04 6.951 0.87 -0.366 58.109 17.729 3.976 -0.002 2.61 0.421 1.38 1 2 5.322 94.678
5 TAN1p05-800_05 6.88 0.796 -0.335 57.959 17.276 3.931 -0.026 2.485 0.392 1.558 1 2 6.084 93.916
6 TAN1p05-800_06 6.599 0.58 -0.244 57.884 17.701 3.91 0.029 2.385 0.455 1.392 1 2 6.309 93.691
7 TAN1p05-800_07 6.67 0.941 -0.396 58.203 17.616 3.976 0.002 2.572 0.4 1.432 1 2 5.584 94.416
8 TAN1p05-800_08 6.868 0.832 -0.350 57.688 17.6 3.965 -0.001 2.56 0.381 1.437 1 2 6.020 93.980
9 TAN1p05-800_09 6.602 0.893 -0.376 58.24 17.43 3.942 0.031 2.483 0.404 1.263 1 2 6.088 93.912
10 TAN1p05-800_10 6.911 0.895 -0.377 58.402 17.525 3.854 0.013 2.448 0.43 1.343 1 2 5.556 94.444
11 TAN1p05-800_11 6.932 0.826 -0.348 58.166 17.316 4.006 0.039 2.583 0.408 1.182 1 2 5.890 94.110
12 TAN1p05-800_12 6.666 0.885 -0.373 58.235 17.588 4.038 -0.015 2.388 0.428 1.235 1 2 5.925 94.075
13 TAN1p05-800_13 6.844 0.971 -0.409 58.28 17.713 3.91 0.01 2.522 0.393 1.369 1 2 5.397 94.603
14 TAN1p05-800_14 6.577 0.944 -0.397 58.338 17.404 3.922 0.022 2.371 0.412 1.288 1 2 6.119 93.881
15 TAN1p05-800_15 6.891 0.896 -0.377 58.678 17.613 3.933 -0.004 2.595 0.413 1.433 1 2 4.929 95.071
16 TAN1p05-800_16 6.618 0.774 -0.326 57.753 17.2 3.949 0.027 2.514 0.386 1.369 1 2 6.736 93.264
17 TAN1p05-800_17 7.086 0.822 -0.346 58.272 17.608 4.01 -0.02 2.657 0.381 1.419 1 2 5.111 94.889
18 TAN1p05-800_18 6.832 0.895 -0.377 58.361 17.655 4.093 0.031 2.414 0.441 1.44 1 2 5.215 94.785
19 TAN1p05-800_19 6.744 0.822 -0.346 57.839 17.246 4.005 0.011 2.525 0.419 1.366 1 2 6.369 93.631
20 TAN1p05-800_20 6.985 1.053 -0.443 58.337 17.453 3.993 -0.008 2.558 0.447 1.195 1 2 5.430 94.570
ASI 1.13
Minimum 6.525 0.580 -0.443 57.688 17.200 3.854 -0.026 2.371 0.381 1.182 1.000 2.000 4.929 93.264
Maximum 7.086 1.053 -0.244 58.678 17.729 4.093 0.039 2.657 0.455 1.558 1.000 2.000 6.736 95.071
Average 6.780 0.840 -0.354 58.187 17.501 3.971 0.006 2.510 0.411 1.355 1.000 2.000 5.793 94.207
Sigma  0.163 0.114 0.048 0.264 0.163 0.054 0.020 0.086 0.022 0.092 0.000 0.000 0.462 0.462
332 
 
TAN1.05-700: ASI 1.10 tantalite-(Mn) dissolution experiment at 700 °C, 200 MPa, 5 
days 
 
TAN1.2-800redo: ASI 1.24 tantalite-(Mn) dissolution experiment at 800 °C, 200 
MPa, 5 days 
 
Point Comment
Na2O 
(Mass%)
F 
(Mass%)
F Oxy. 
Eq.
SiO2 
(Mass%)
Al2O3 
(Mass%)
K2O 
(Mass%)
TiO2 
(Mass%)
Ta2O5 
(Mass%)
MnO 
(Mass%)
P2O5 
(Mass%)
Li2O 
(Mass%)
B2O3 
(Mass%)
H2O 
(Mass%)
Total 
(Mass%)
21 TAN1p05-700_01 6.65 1.052 -0.443 58.15 17.524 4.008 -0.01 1.809 0.243 1.348 1 2 6.669 93.331
22 TAN1p05-700_02 6.946 0.85 -0.358 58.418 17.721 3.984 -0.019 1.845 0.229 1.385 1 2 5.999 94.001
23 TAN1p05-700_03 6.867 0.91 -0.383 57.913 17.589 4.011 -0.006 1.759 0.295 1.388 1 2 6.657 93.343
24 TAN1p05-700_04 6.695 0.836 -0.352 57.873 17.427 4.076 -0.03 1.785 0.24 1.367 1 2 7.083 92.917
25 TAN1p05-700_05 6.914 0.835 -0.352 58.303 17.462 3.996 0.003 1.768 0.243 1.296 1 2 6.532 93.468
26 TAN1p05-700_06 6.609 0.741 -0.312 58.026 17.806 4.063 -0.005 1.888 0.255 1.283 1 2 6.646 93.354
27 TAN1p05-700_07 6.685 0.872 -0.367 58.176 17.534 4.039 0.02 1.838 0.26 1.238 1 2 6.705 93.295
28 TAN1p05-700_08 6.623 0.894 -0.376 58.184 17.551 4.034 -0.016 1.942 0.226 1.274 1 2 6.664 93.336
29 TAN1p05-700_09 6.653 0.845 -0.356 58.226 17.845 4.033 -0.003 1.959 0.245 1.301 1 2 6.252 93.748
30 TAN1p05-700_10 6.734 0.996 -0.419 58.199 17.669 4.029 -0.037 1.721 0.233 1.411 1 2 6.464 93.536
31 TAN1p05-700_11 6.749 0.779 -0.328 58.183 17.76 4 0.007 1.896 0.271 1.399 1 2 6.284 93.716
32 TAN1p05-700_12 7.023 0.872 -0.367 57.903 17.76 3.98 -0.042 1.808 0.239 1.433 1 2 6.391 93.609
33 TAN1p05-700_13 6.952 0.763 -0.321 58.083 17.534 4.001 -0.015 1.922 0.284 1.225 1 2 6.572 93.428
34 TAN1p05-700_14 6.777 1.151 -0.485 57.863 17.693 4.014 -0.025 1.875 0.287 1.42 1 2 6.430 93.570
35 TAN1p05-700_15 6.93 0.754 -0.317 58.399 17.408 4.006 0.004 1.826 0.262 1.416 1 2 6.312 93.688
36 TAN1p05-700_16 6.716 0.826 -0.348 57.583 17.588 4.039 0.016 1.779 0.285 1.402 1 2 7.114 92.886
37 TAN1p05-700_17 6.847 0.846 -0.356 58.356 17.651 4.173 -0.015 1.739 0.243 1.46 1 2 6.056 93.944
38 TAN1p05-700_18 7.01 0.802 -0.338 58.177 17.622 3.95 -0.01 1.841 0.232 1.376 1 2 6.338 93.662
39 TAN1p05-700_19 6.861 0.836 -0.352 58.035 17.705 3.966 -0.029 1.885 0.267 1.328 1 2 6.498 93.502
40 TAN1p05-700_20 6.853 0.736 -0.310 58.131 17.611 4.068 0.014 1.863 0.267 1.443 1 2 6.324 93.676
ASI 1.13
Minimum 6.609 0.736 -0.485 57.583 17.408 3.950 -0.042 1.721 0.226 1.225 1.000 2.000 5.999 92.886
Maximum 7.023 1.151 -0.310 58.418 17.845 4.173 0.020 1.959 0.295 1.460 1.000 2.000 7.114 94.001
Average 6.805 0.860 -0.362 58.109 17.623 4.024 -0.010 1.837 0.255 1.360 1.000 2.000 6.500 93.500
Sigma  0.132 0.105 0.044 0.206 0.123 0.048 0.017 0.067 0.021 0.069 0.000 0.000 0.284 0.284
Point Comment
Na2O 
(Mass%)
F 
(Mass%)
F Oxy. 
Eq.
SiO2 
(Mass%)
Al2O3 
(Mass%)
K2O 
(Mass%)
TiO2 
(Mass%)
Ta2O5 
(Mass%)
MnO 
(Mass%)
P2O5 
(Mass%)
Li2O 
(Mass%)
B2O3 
(Mass%)
H2O 
(Mass%)
Total 
(Mass%)
1 TAN1p2-800redo_01 6.884 1.013 -0.427 57.282 19.818 3.965 -0.016 1.335 0.251 1.43 1 2 5.465 94.535
2 TAN1p2-800redo_02 6.69 0.882 -0.371 57.067 19.62 3.86 -0.023 1.366 0.218 1.503 1 2 6.188 93.812
3 TAN1p2-800redo_03 6.979 0.909 -0.383 56.977 19.638 3.809 -0.007 1.292 0.232 1.321 1 2 6.233 93.767
4 TAN1p2-800redo_04 6.724 0.983 -0.414 56.478 19.717 3.934 -0.027 1.345 0.216 1.414 1 2 6.630 93.370
5 TAN1p2-800redo_05 7.034 0.927 -0.390 57.11 19.399 3.905 -0.005 1.405 0.213 1.558 1 2 5.844 94.156
6 TAN1p2-800redo_06 6.664 0.853 -0.359 57 19.591 3.991 0.001 1.312 0.215 1.502 1 2 6.230 93.770
7 TAN1p2-800redo_07 6.973 0.864 -0.364 56.868 19.773 3.913 0.018 1.341 0.2 1.291 1 2 6.123 93.877
8 TAN1p2-800redo_08 6.694 0.883 -0.372 56.705 19.355 3.838 -0.024 1.365 0.243 1.596 1 2 6.717 93.283
9 TAN1p2-800redo_09 6.885 0.884 -0.372 57.054 19.4 3.872 -0.021 1.409 0.226 1.725 1 2 5.938 94.062
10 TAN1p2-800redo_10 6.732 0.958 -0.403 57.454 19.85 3.913 0.015 1.392 0.227 1.273 1 2 5.589 94.411
11 TAN1p2-800redo_11 6.83 0.853 -0.359 57.311 19.542 3.954 -0.019 1.329 0.205 1.478 1 2 5.876 94.124
12 TAN1p2-800redo_12 6.828 0.897 -0.378 57.19 19.764 3.863 -0.003 1.357 0.23 1.501 1 2 5.751 94.249
13 TAN1p2-800redo_13 6.624 0.951 -0.400 57.495 19.706 3.982 0.015 1.294 0.216 1.603 1 2 5.514 94.486
14 TAN1p2-800redo_14 6.701 1.027 -0.432 56.967 19.752 3.943 -0.023 1.331 0.19 1.329 1 2 6.215 93.785
15 TAN1p2-800redo_15 6.799 0.925 -0.389 57.11 19.608 3.913 0.004 1.376 0.19 1.302 1 2 6.162 93.838
16 TAN1p2-800redo_16 6.747 0.872 -0.367 57.141 19.569 3.827 -0.006 1.358 0.223 1.36 1 2 6.276 93.724
17 TAN1p2-800redo_17 6.474 0.76 -0.320 57.095 19.726 3.869 0.006 1.428 0.199 1.334 1 2 6.429 93.571
18 TAN1p2-800redo_18 6.592 0.907 -0.382 57.029 19.776 3.901 0.038 1.494 0.225 1.57 1 2 5.850 94.150
19 TAN1p2-800redo_19 6.681 0.997 -0.420 57.342 19.371 3.883 -0.024 1.407 0.22 1.558 1 2 5.985 94.015
20 TAN1p2-800redo_20 6.851 0.846 -0.356 57.468 19.442 3.999 -0.006 1.482 0.244 1.498 1 2 5.532 94.468
ASI 1.27
Minimum 6.474 0.760 -0.432 56.478 19.355 3.809 -0.027 1.292 0.190 1.273 1.000 2.000 5.465 93.283
Maximum 7.034 1.027 -0.320 57.495 19.850 3.999 0.038 1.494 0.251 1.725 1.000 2.000 6.717 94.535
Average 6.769 0.910 -0.383 57.107 19.621 3.907 -0.005 1.371 0.219 1.457 1.000 2.000 6.027 93.973
Sigma  0.141 0.065 0.027 0.252 0.158 0.055 0.018 0.055 0.017 0.126 0.000 0.000 0.357 0.357
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TAN1.2-700: ASI 1.24 tantalite-(Mn) dissolution experiment at 700 °C, 200 MPa, 5 
days 
 
Ti-WOD1.05-800: ASI 1.10 titanowodginite dissolution experiment at 800 °C, 200 
MPa, 5 days 
 
Point Comment
Na2O 
(Mass%)
F 
(Mass%)
F Oxy. 
Eq.
SiO2 
(Mass%)
Al2O3 
(Mass%)
K2O 
(Mass%)
TiO2 
(Mass%)
Ta2O5 
(Mass%)
MnO 
(Mass%)
P2O5 
(Mass%)
Li2O 
(Mass%)
B2O3 
(Mass%)
H2O 
(Mass%)
Total 
(Mass%)
21 TAN1p2-700_01 6.804 1.013 -0.427 56.371 19.608 3.918 0.027 0.772 0.129 1.621 1 2 7.164 92.836
22 TAN1p2-700_02 6.809 0.955 -0.402 55.866 19.601 3.874 0.022 0.763 0.154 1.407 1 2 7.951 92.049
23 TAN1p2-700_03 6.769 0.812 -0.342 56.451 19.552 3.917 -0.001 0.801 0.146 1.545 1 2 7.350 92.650
24 TAN1p2-700_04 6.65 0.786 -0.331 56.375 19.231 3.977 -0.022 0.687 0.109 1.475 1 2 8.063 91.937
25 TAN1p2-700_05 6.624 0.836 -0.352 55.481 19.515 3.802 0.012 0.706 0.109 1.477 1 2 8.790 91.210
26 TAN1p2-700_06 6.58 0.729 -0.307 56.111 19.575 3.868 0.001 0.678 0.115 1.332 1 2 8.318 91.682
27 TAN1p2-700_07 6.607 0.801 -0.337 56.6 19.293 3.872 -0.01 0.762 0.132 1.473 1 2 7.807 92.193
28 TAN1p2-700_08 6.627 0.765 -0.322 55.536 19.076 3.839 0.007 0.893 0.133 1.519 1 2 8.927 91.073
29 TAN1p2-700_09 6.642 0.648 -0.273 56.545 19.318 3.833 0.012 0.902 0.118 1.381 1 2 7.874 92.126
30 TAN1p2-700_10 6.719 0.904 -0.381 56.304 19.277 3.872 0.016 0.809 0.118 1.518 1 2 7.844 92.156
31 TAN1p2-700_11 6.895 0.893 -0.376 56.008 19.466 3.876 0.035 0.908 0.116 1.517 1 2 7.662 92.338
32 TAN1p2-700_12 6.688 0.959 -0.404 55.429 19.647 3.913 -0.015 0.844 0.128 1.596 1 2 8.215 91.785
33 TAN1p2-700_13 6.839 0.934 -0.393 56.031 19.428 3.828 -0.002 0.772 0.116 1.529 1 2 7.918 92.082
34 TAN1p2-700_14 6.671 0.858 -0.361 56.611 19.298 3.912 -0.019 0.744 0.099 1.375 1 2 7.812 92.188
35 TAN1p2-700_15 6.83 0.846 -0.356 56.002 19.51 3.912 -0.021 0.788 0.133 1.437 1 2 7.919 92.081
36 TAN1p2-700_16 6.733 0.883 -0.372 55.972 19.327 3.889 -0.013 0.766 0.133 1.302 1 2 8.380 91.620
37 TAN1p2-700_17 6.558 0.829 -0.349 55.583 19.249 3.817 0.033 0.735 0.139 1.538 1 2 8.868 91.132
38 TAN1p2-700_18 6.659 0.761 -0.320 55.205 19.632 4 0.012 0.815 0.088 1.785 1 2 8.363 91.637
39 TAN1p2-700_19 6.732 0.788 -0.332 55.952 19.443 3.91 0.024 0.739 0.138 1.457 1 2 8.149 91.851
40 TAN1p2-700_20 6.592 0.804 -0.339 56.268 19.348 3.942 -0.007 0.798 0.151 1.551 1 2 7.892 92.108
ASI 1.29
Minimum 6.558 0.648 -0.427 55.205 19.076 3.802 -0.022 0.678 0.088 1.302 1.000 2.000 7.164 91.073
Maximum 6.895 1.013 -0.273 56.611 19.647 4.000 0.035 0.908 0.154 1.785 1.000 2.000 8.927 92.836
Average 6.701 0.840 -0.354 56.035 19.420 3.889 0.005 0.784 0.125 1.492 1.000 2.000 8.063 91.937
Sigma  0.097 0.088 0.037 0.417 0.160 0.051 0.018 0.065 0.017 0.109 0.000 0.000 0.458 0.458
Point Comment
Na2O 
(Mass%)
F 
(Mass%)
F Oxy. 
Eq.
SiO2 
(Mass%)
Al2O3 
(Mass%)
K2O 
(Mass%)
TiO2 
(Mass%)
Ta2O5 
(Mass%)
MnO 
(Mass%)
P2O5 
(Mass%)
Li2O 
(Mass%)
B2O3 
(Mass%)
H2O 
(Mass%)
Total 
(Mass%)
41 Ti-WOD1p05-800_01 6.709 0.992 -0.418 57.593 17.656 3.991 0.378 1.913 0.333 1.447 1 2 6.406 93.594
42 Ti-WOD1p05-800_02 6.756 0.964 -0.406 58.182 17.517 3.972 0.399 2.117 0.298 1.485 1 2 5.716 94.284
43 Ti-WOD1p05-800_03 7.181 0.827 -0.348 58.571 17.501 4.021 0.407 2.287 0.336 1.471 1 2 4.746 95.254
44 Ti-WOD1p05-800_04 6.83 0.876 -0.369 58.276 17.472 3.978 0.362 2.11 0.312 1.498 1 2 5.655 94.345
45 Ti-WOD1p05-800_05 6.546 1.034 -0.435 58.124 17.303 4.031 0.379 2.265 0.383 1.53 1 2 5.840 94.160
46 Ti-WOD1p05-800_06 6.587 0.792 -0.333 57.794 17.509 4.013 0.401 2.154 0.348 1.431 1 2 6.304 93.696
47 Ti-WOD1p05-800_07 6.478 0.88 -0.371 58.028 17.423 3.998 0.382 2.087 0.379 1.52 1 2 6.196 93.804
48 Ti-WOD1p05-800_08 6.728 1.024 -0.431 57.744 17.337 3.961 0.32 2.056 0.388 1.519 1 2 6.354 93.646
49 Ti-WOD1p05-800_09 6.98 0.693 -0.292 58.026 17.435 3.995 0.389 1.888 0.338 1.39 1 2 6.158 93.842
50 Ti-WOD1p05-800_10 6.772 0.983 -0.414 57.927 17.416 3.982 0.356 1.879 0.333 1.425 1 2 6.341 93.659
51 Ti-WOD1p05-800_11 6.669 0.71 -0.299 57.799 17.426 4.008 0.395 2.1 0.379 1.453 1 2 6.360 93.640
52 Ti-WOD1p05-800_12 6.796 1.054 -0.444 58.061 17.683 4.036 0.414 2.346 0.329 1.298 1 2 5.427 94.573
53 Ti-WOD1p05-800_13 6.777 0.926 -0.390 57.865 17.632 4.039 0.383 2.193 0.336 1.467 1 2 5.772 94.228
54 Ti-WOD1p05-800_14 6.697 0.946 -0.398 58.472 17.326 4.012 0.446 2.199 0.312 1.387 1 2 5.601 94.399
55 Ti-WOD1p05-800_15 6.651 0.654 -0.275 57.36 17.536 4.002 0.42 2.158 0.309 1.392 1 2 6.793 93.207
56 Ti-WOD1p05-800_16 6.792 1.005 -0.423 58.323 17.486 3.97 0.428 2.289 0.343 1.459 1 2 5.328 94.672
57 Ti-WOD1p05-800_17 6.578 1.032 -0.435 58.067 17.268 3.987 0.432 1.964 0.332 1.368 1 2 6.407 93.593
58 Ti-WOD1p05-800_18 6.573 0.868 -0.365 57.601 17.36 3.942 0.36 1.948 0.348 1.444 1 2 6.921 93.079
59 Ti-WOD1p05-800_19 6.965 0.945 -0.398 58.198 17.373 4.038 0.398 1.823 0.367 1.495 1 2 5.796 94.204
60 Ti-WOD1p05-800_20 7.016 1.114 -0.469 57.578 17.537 4.046 0.399 1.941 0.303 1.437 1 2 6.098 93.902
ASI 1.13
Minimum 6.478 0.654 -0.469 57.360 17.268 3.942 0.320 1.823 0.298 1.298 1.000 2.000 4.746 93.079
Maximum 7.181 1.114 -0.275 58.571 17.683 4.046 0.446 2.346 0.388 1.530 1.000 2.000 6.921 95.254
Average 6.754 0.916 -0.386 57.979 17.460 4.001 0.392 2.086 0.340 1.446 1.000 2.000 6.011 93.989
Sigma  0.176 0.128 0.054 0.316 0.116 0.029 0.029 0.155 0.027 0.058 0.000 0.000 0.522 0.522
334 
 
Ti-WOD1.05-700: ASI 1.10 titanowodginite dissolution experiment at 700 °C, 200 
MPa, 5 days 
 
Ti-WOD1.2-800: ASI 1.24 titanowodginite dissolution experiment at 800 °C, 200 
MPa, 5 days 
 
Point Comment
Na2O 
(Mass%)
F 
(Mass%)
F Oxy. 
Eq.
SiO2 
(Mass%)
Al2O3 
(Mass%)
K2O 
(Mass%)
TiO2 
(Mass%)
Ta2O5 
(Mass%)
MnO 
(Mass%)
P2O5 
(Mass%)
Li2O 
(Mass%)
B2O3 
(Mass%)
H2O 
(Mass%)
Total 
(Mass%)
61 Ti-WOD1p05-700_01 6.644 0.798 -0.336 57.48 17.351 3.975 0.289 1.394 0.248 1.335 1 2 7.822 92.178
62 Ti-WOD1p05-700_02 6.516 0.775 -0.326 57.2 17.366 4.061 0.297 1.413 0.257 1.463 1 2 7.978 92.022
63 Ti-WOD1p05-700_03 6.974 0.665 -0.280 57.893 17.649 3.958 0.271 1.541 0.21 1.426 1 2 6.693 93.307
64 Ti-WOD1p05-700_04 7.126 0.745 -0.314 57.483 17.811 4.047 0.28 1.559 0.254 1.379 1 2 6.630 93.370
65 Ti-WOD1p05-700_05 6.958 0.849 -0.357 57.067 17.389 4.083 0.248 1.482 0.295 1.281 1 2 7.705 92.295
66 Ti-WOD1p05-700_06 6.533 0.819 -0.345 56.847 17.502 3.952 0.258 1.39 0.259 1.472 1 2 8.313 91.687
67 Ti-WOD1p05-700_07 6.901 1.025 -0.432 57.097 17.387 4.008 0.276 1.529 0.266 1.445 1 2 7.498 92.502
68 Ti-WOD1p05-700_08 6.551 0.858 -0.361 57.041 17.295 4.056 0.316 1.503 0.231 1.579 1 2 7.931 92.069
69 Ti-WOD1p05-700_09 6.996 0.823 -0.347 57.208 17.33 3.971 0.236 1.384 0.231 1.423 1 2 7.745 92.255
70 Ti-WOD1p05-700_10 6.949 0.857 -0.361 57.568 17.544 4.064 0.281 1.409 0.223 1.351 1 2 7.115 92.885
71 Ti-WOD1p05-700_11 6.893 0.901 -0.379 57.841 17.184 4.038 0.27 1.382 0.265 1.44 1 2 7.165 92.835
72 Ti-WOD1p05-700_12 6.749 0.983 -0.414 57.285 17.358 3.888 0.258 1.328 0.233 1.436 1 2 7.896 92.104
73 Ti-WOD1p05-700_13 6.898 0.87 -0.366 57.577 17.237 4.011 0.235 1.4 0.253 1.478 1 2 7.407 92.593
74 Ti-WOD1p05-700_14 6.576 0.844 -0.355 57.589 17.316 4.023 0.272 1.4 0.219 1.398 1 2 7.718 92.282
75 Ti-WOD1p05-700_15 6.775 0.788 -0.332 57.77 17.599 4.013 0.261 1.56 0.234 1.589 1 2 6.743 93.257
76 Ti-WOD1p05-700_16 6.699 0.997 -0.420 57.003 17.295 4.043 0.289 1.51 0.252 1.355 1 2 7.977 92.023
77 Ti-WOD1p05-700_17 6.646 0.846 -0.356 56.599 17.181 4.023 0.266 1.299 0.251 1.465 1 2 8.780 91.220
78 Ti-WOD1p05-700_18 6.701 0.911 -0.384 57.337 17.543 3.874 0.235 1.332 0.251 1.471 1 2 7.729 92.271
79 Ti-WOD1p05-700_19 6.763 0.893 -0.376 57.658 17.318 4.04 0.26 1.34 0.222 1.381 1 2 7.501 92.499
80 Ti-WOD1p05-700_20 6.306 0.778 -0.328 56.894 17.22 4.056 0.222 1.353 0.278 1.488 1 2 8.733 91.267
ASI 1.13
Minimum 6.306 0.665 -0.432 56.599 17.181 3.874 0.222 1.299 0.210 1.281 1.000 2.000 6.630 91.220
Maximum 7.126 1.025 -0.280 57.893 17.811 4.083 0.316 1.560 0.295 1.589 1.000 2.000 8.780 93.370
Average 6.758 0.851 -0.358 57.322 17.394 4.009 0.266 1.425 0.247 1.433 1.000 2.000 7.654 92.346
Sigma  0.205 0.087 0.037 0.356 0.166 0.057 0.023 0.083 0.021 0.075 0.000 0.000 0.594 0.594
Point Comment
Na2O 
(Mass%)
F 
(Mass%)
F Oxy. 
Eq.
SiO2 
(Mass%)
Al2O3 
(Mass%)
K2O 
(Mass%)
TiO2 
(Mass%)
Ta2O5 
(Mass%)
MnO 
(Mass%)
P2O5 
(Mass%)
Li2O 
(Mass%)
B2O3 
(Mass%)
H2O 
(Mass%)
Total 
(Mass%)
41 Ti-WOD1p2-800_01 6.576 0.934 -0.393 56.074 19.513 3.933 0.214 1.196 0.22 1.542 1 2 7.191 92.809
42 Ti-WOD1p2-800_02 6.583 0.884 -0.372 56.039 19.118 3.885 0.24 1.175 0.181 1.73 1 2 7.537 92.463
43 Ti-WOD1p2-800_03 6.57 0.746 -0.314 56.374 19.384 3.863 0.217 1.202 0.199 1.44 1 2 7.319 92.681
44 Ti-WOD1p2-800_04 6.922 0.882 -0.371 55.942 19.324 3.901 0.231 1.182 0.209 1.582 1 2 7.196 92.804
45 Ti-WOD1p2-800_05 6.819 0.737 -0.310 56.054 19.135 3.854 0.217 1.265 0.187 1.475 1 2 7.567 92.433
46 Ti-WOD1p2-800_06 6.595 0.896 -0.377 55.904 19.188 4.004 0.221 1.305 0.188 1.509 1 2 7.567 92.433
47 Ti-WOD1p2-800_07 6.55 0.88 -0.371 56.382 19.241 3.902 0.204 1.167 0.172 1.385 1 2 7.488 92.512
48 Ti-WOD1p2-800_08 6.71 0.518 -0.218 55.806 19.08 3.929 0.281 1.032 0.206 1.352 1 2 8.304 91.696
49 Ti-WOD1p2-800_09 6.591 0.861 -0.363 56.084 18.998 3.972 0.223 1.111 0.222 1.391 1 2 7.910 92.090
50 Ti-WOD1p2-800_10 6.869 0.892 -0.376 56.426 19.413 3.906 0.201 1.227 0.177 1.429 1 2 6.836 93.164
51 Ti-WOD1p2-800_11 6.937 0.787 -0.331 56.644 19.391 3.861 0.166 1.247 0.201 1.362 1 2 6.735 93.265
52 Ti-WOD1p2-800_12 6.949 0.691 -0.291 56.275 19.606 3.918 0.209 1.037 0.202 1.441 1 2 6.963 93.037
53 Ti-WOD1p2-800_13 6.566 0.903 -0.380 56.076 19.331 3.858 0.211 1.223 0.185 1.401 1 2 7.626 92.374
54 Ti-WOD1p2-800_14 6.937 0.904 -0.381 55.946 19.113 3.897 0.195 1.322 0.205 1.453 1 2 7.409 92.591
55 Ti-WOD1p2-800_15 6.521 0.674 -0.284 56.297 19.281 3.909 0.248 1.363 0.224 1.593 1 2 7.174 92.826
56 Ti-WOD1p2-800_16 6.877 0.794 -0.334 56.107 19.208 3.828 0.238 1.24 0.215 1.44 1 2 7.387 92.613
57 Ti-WOD1p2-800_17 6.578 0.984 -0.414 56.136 19.202 3.904 0.221 1.028 0.203 1.321 1 2 7.837 92.163
58 Ti-WOD1p2-800_18 6.444 1.049 -0.442 56.031 19.504 3.852 0.215 1.168 0.185 1.541 1 2 7.453 92.547
59 Ti-WOD1p2-800_19 6.909 0.729 -0.307 56.316 19.284 3.8 0.206 1.242 0.174 1.399 1 2 7.248 92.752
60 Ti-WOD1p2-800_20 6.917 0.785 -0.331 56.169 19.261 3.884 0.22 1.083 0.193 1.451 1 2 7.368 92.632
ASI 1.29
Minimum 6.444 0.518 -0.442 55.806 18.998 3.800 0.166 1.028 0.172 1.321 1.000 2.000 6.735 91.696
Maximum 6.949 1.049 -0.218 56.644 19.606 4.004 0.281 1.363 0.224 1.730 1.000 2.000 8.304 93.265
Average 6.721 0.827 -0.348 56.154 19.279 3.893 0.219 1.191 0.197 1.462 1.000 2.000 7.406 92.594
Sigma  0.178 0.122 0.051 0.206 0.158 0.047 0.023 0.095 0.016 0.098 0.000 0.000 0.364 0.364
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Ti-WOD1.2-700: ASI 1.24 titanowodginite dissolution experiment at 700 °C, 200 
MPa, 5 days 
 
NWOD1.05-800: ASI 1.10 wodginite dissolution experiment at 800 °C, 200 MPa, 5 
days 
 
 
Point Comment
Na2O 
(Mass%)
F 
(Mass%)
F Oxy. 
Eq.
SiO2 
(Mass%)
Al2O3 
(Mass%)
K2O 
(Mass%)
TiO2 
(Mass%)
Ta2O5 
(Mass%)
MnO 
(Mass%)
P2O5 
(Mass%)
Li2O 
(Mass%)
B2O3 
(Mass%)
H2O 
(Mass%)
Total 
(Mass%)
61 Ti-WOD1p2-700_01 7.234 0.906 -0.381 55.661 19.395 3.879 0.081 0.695 0.09 1.471 1 2 7.969 92.031
62 Ti-WOD1p2-700_02 6.637 0.695 -0.293 56.011 19.37 3.844 0.123 0.611 0.085 1.48 1 2 8.437 91.563
63 Ti-WOD1p2-700_03 6.616 0.718 -0.302 55.664 19.47 3.86 0.078 0.714 0.094 1.46 1 2 8.628 91.372
64 Ti-WOD1p2-700_04 6.711 0.737 -0.310 56.229 19.259 3.83 0.114 0.695 0.119 1.455 1 2 8.161 91.839
65 Ti-WOD1p2-700_05 6.999 0.761 -0.320 55.647 19.609 3.891 0.117 0.73 0.133 1.462 1 2 7.971 92.029
66 Ti-WOD1p2-700_06 6.866 0.723 -0.304 56 19.532 3.932 0.136 0.531 0.106 1.582 1 2 7.896 92.104
67 Ti-WOD1p2-700_07 6.74 0.986 -0.415 56.261 19.134 3.901 0.112 0.569 0.126 1.488 1 2 8.098 91.902
68 Ti-WOD1p2-700_08 6.565 0.77 -0.324 56.581 19.135 3.89 0.103 0.591 0.125 1.4 1 2 8.164 91.836
69 Ti-WOD1p2-700_09 6.725 0.726 -0.306 56.096 19.213 3.856 0.146 0.64 0.124 1.574 1 2 8.206 91.794
70 Ti-WOD1p2-700_10 6.853 0.867 -0.365 55.959 19.233 3.813 0.126 0.727 0.116 1.435 1 2 8.236 91.764
71 Ti-WOD1p2-700_11 6.614 0.805 -0.339 56.514 19.687 3.974 0.102 0.63 0.125 1.476 1 2 7.412 92.588
72 Ti-WOD1p2-700_12 6.747 0.675 -0.284 56.41 19.135 3.951 0.121 0.682 0.103 1.376 1 2 8.084 91.916
73 Ti-WOD1p2-700_13 6.655 0.867 -0.365 56.044 19.223 3.891 0.093 0.668 0.1 1.42 1 2 8.404 91.596
74 Ti-WOD1p2-700_14 6.88 1.059 -0.446 56.078 19.44 3.888 0.108 0.7 0.091 1.539 1 2 7.663 92.337
75 Ti-WOD1p2-700_15 6.701 0.78 -0.328 56.119 19.249 3.85 0.087 0.752 0.129 1.603 1 2 8.058 91.942
76 Ti-WOD1p2-700_16 6.784 0.862 -0.363 55.869 19.299 3.827 0.14 0.607 0.102 1.653 1 2 8.220 91.780
77 Ti-WOD1p2-700_17 6.656 0.826 -0.348 56.354 19.313 3.867 0.127 0.586 0.088 1.449 1 2 8.082 91.918
78 Ti-WOD1p2-700_18 6.97 0.981 -0.413 56.381 19.477 3.895 0.135 0.685 0.113 1.438 1 2 7.338 92.662
79 Ti-WOD1p2-700_19 6.61 0.897 -0.378 55.895 19.36 3.84 0.117 0.562 0.067 1.478 1 2 8.552 91.448
80 Ti-WOD1p2-700_20 6.676 0.801 -0.337 56.064 18.902 3.874 0.117 0.657 0.132 1.495 1 2 8.619 91.381
ASI 1.26
Minimum 6.565 0.675 -0.446 55.647 18.902 3.813 0.078 0.531 0.067 1.376 1.000 2.000 7.338 91.372
Maximum 7.234 1.059 -0.284 56.581 19.687 3.974 0.146 0.752 0.133 1.653 1.000 2.000 8.628 92.662
Average 6.762 0.822 -0.346 56.092 19.322 3.878 0.114 0.652 0.108 1.487 1.000 2.000 8.110 91.890
Sigma  0.165 0.105 0.044 0.272 0.185 0.041 0.019 0.063 0.019 0.070 0.000 0.000 0.350 0.350
Point Comment
Na2O 
(Mass%)
F 
(Mass%)
F Oxy. 
Eq.
SiO2 
(Mass%)
Al2O3 
(Mass%)
K2O 
(Mass%)
TiO2 
(Mass%)
Ta2O5 
(Mass%)
MnO 
(Mass%)
FeO 
(Mass%)
Sc2O3 
(Mass%)
P2O5 
(Mass%)
Nb2O5 
(Mass%)
SnO2 
(Mass%)
Li2O 
(Mass%)
B2O3 
(Mass%)
H2O 
(Mass%)
Total 
(Mass%)
1 NWOD1p05-800_01 6.355 0.813 -0.342 58.793 17.384 3.926 0.037 2.131 0.172 0.179 0.009 1.475 0.096 0.146 1 2 5.826 94.174
2 NWOD1p05-800_02 6.676 0.847 -0.357 58.44 17.44 3.923 0.023 2.093 0.223 0.178 0.015 1.351 0.146 0.188 1 2 5.814 94.186
3 NWOD1p05-800_03 6.873 0.935 -0.394 58.982 17.764 3.926 0.031 1.985 0.193 0.212 0.018 1.38 0.098 0.181 1 2 4.816 95.184
4 NWOD1p05-800_04 6.879 0.915 -0.385 58.453 17.403 3.902 0.012 2.068 0.225 0.18 -0.006 1.362 0.122 0.2 1 2 5.670 94.330
5 NWOD1p05-800_05 6.725 0.893 -0.376 58.361 17.799 3.91 0.019 2.054 0.242 0.182 0.007 1.492 0.297 0.151 1 2 5.244 94.756
6 NWOD1p05-800_06 6.899 0.758 -0.319 58.185 17.664 3.983 0.032 1.949 0.214 0.193 -0.004 1.447 0.193 0.123 1 2 5.683 94.317
7 NWOD1p05-800_07 6.468 0.812 -0.342 58.783 17.483 3.933 0.038 2.12 0.232 0.188 -0.006 1.595 0.157 0.169 1 2 5.370 94.630
8 NWOD1p05-800_08 6.428 0.809 -0.341 58.272 17.702 3.924 0.042 2.107 0.224 0.23 0.003 1.407 0.181 0.146 1 2 5.866 94.134
9 NWOD1p05-800_09 6.777 0.877 -0.369 58.979 17.512 4.039 0.036 2.301 0.249 0.199 0.013 1.402 0.262 0.154 1 2 4.569 95.431
10 NWOD1p05-800_10 6.93 0.826 -0.348 58.786 17.605 3.909 0.013 2.088 0.243 0.202 0.014 1.46 0.164 0.132 1 2 4.976 95.024
11 NWOD1p05-800_11 7.04 0.968 -0.408 58.629 17.689 3.964 0.007 1.932 0.226 0.22 0.009 1.331 0.184 0.178 1 2 5.031 94.969
12 NWOD1p05-800_12 6.977 0.916 -0.386 58.837 17.622 3.989 0.02 1.972 0.205 0.209 0.008 1.44 0.187 0.156 1 2 4.848 95.152
13 NWOD1p05-800_13 6.582 0.893 -0.376 57.83 17.608 3.948 0.049 1.928 0.218 0.19 0.017 1.578 0.118 0.189 1 2 6.228 93.772
14 NWOD1p05-800_14 6.521 0.953 -0.401 58.339 17.386 3.922 0.034 2.179 0.228 0.23 0.013 1.614 0.102 0.185 1 2 5.695 94.305
15 NWOD1p05-800_15 6.432 0.835 -0.352 57.768 17.338 3.931 0.036 2.096 0.238 0.226 0.012 1.541 0.186 0.129 1 2 6.584 93.416
16 NWOD1p05-800_16 6.69 0.892 -0.376 58.028 17.533 3.937 0.01 2.243 0.241 0.243 0.001 1.418 0.215 0.13 1 2 5.795 94.205
17 NWOD1p05-800_17 6.758 0.726 -0.306 58.062 17.501 3.986 0.01 2.359 0.202 0.251 0.002 1.601 0.215 0.183 1 2 5.450 94.550
18 NWOD1p05-800_18 6.48 0.908 -0.382 57.198 17.684 3.962 -0.01 2.071 0.221 0.208 -0.005 1.518 0.181 0.209 1 2 6.757 93.243
19 NWOD1p05-800_19 6.619 0.787 -0.331 57.351 17.513 3.931 0.009 2.018 0.207 0.21 -0.01 1.332 0.173 0.168 1 2 7.023 92.977
20 NWOD1p05-800_20 6.524 0.958 -0.403 57.685 17.445 3.934 0.01 2.039 0.182 0.215 0.02 1.457 0.156 0.155 1 2 6.623 93.377
ASI 1.15
Minimum 6.355 0.726 -0.408 57.198 17.338 3.902 -0.010 1.928 0.172 0.178 -0.010 1.331 0.096 0.123 1.000 2.000 4.569 92.977
Maximum 7.040 0.968 -0.306 58.982 17.799 4.039 0.049 2.359 0.249 0.251 0.020 1.614 0.297 0.209 1.000 2.000 7.023 95.431
Average 6.682 0.866 -0.365 58.288 17.554 3.944 0.023 2.087 0.219 0.207 0.007 1.460 0.172 0.164 1.000 2.000 5.693 94.307
Sigma  0.205 0.069 0.029 0.524 0.135 0.034 0.015 0.116 0.021 0.022 0.009 0.091 0.052 0.025 0.000 0.000 0.688 0.688
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NWOD1.05-700: ASI 1.10 wodginite dissolution experiment at 700 °C, 200 MPa, 5 
days 
 
NWOD1.2-800redo: ASI 1.24 wodginite dissolution experiment at 800 °C, 200 MPa, 
5 days 
 
 
 
 
Point Comment
Na2O 
(Mass%)
F 
(Mass%)
F Oxy. 
Eq.
SiO2 
(Mass%)
Al2O3 
(Mass%)
K2O 
(Mass%)
TiO2 
(Mass%)
Ta2O5 
(Mass%)
MnO 
(Mass%)
FeO 
(Mass%)
Sc2O3 
(Mass%)
P2O5 
(Mass%)
Nb2O5 
(Mass%)
SnO2 
(Mass%)
Li2O 
(Mass%)
B2O3 
(Mass%)
H2O 
(Mass%)
Total 
(Mass%)
21 NWOD1p05-700_01 6.774 0.912 -0.384 57.167 17.292 3.879 0.027 1.366 0.143 0.15 0.004 1.576 0.154 0.239 1 2 7.701 92.299
22 NWOD1p05-700_02 6.525 0.716 -0.301 57.231 17.234 3.937 0.033 1.402 0.133 0.132 0.015 1.487 0.092 0.268 1 2 8.096 91.904
23 NWOD1p05-700_03 6.74 0.71 -0.299 57.731 17.426 3.889 -0.002 1.293 0.131 0.128 0.009 1.548 0.098 0.235 1 2 7.363 92.637
24 NWOD1p05-700_04 6.898 0.677 -0.285 56.74 17.402 3.977 -0.003 1.202 0.145 0.13 0.011 1.505 0.155 0.239 1 2 8.207 91.793
25 NWOD1p05-700_05 6.753 0.801 -0.337 56.907 17.554 3.965 0.068 1.209 0.151 0.135 0.014 1.307 0.094 0.287 1 2 8.092 91.908
26 NWOD1p05-700_06 6.964 0.963 -0.405 56.866 17.099 3.854 0.02 1.291 0.117 0.129 0.007 1.557 0.006 0.28 1 2 8.252 91.748
27 NWOD1p05-700_07 7.033 0.918 -0.387 57.529 17.352 3.936 -0.011 1.293 0.094 0.167 -0.007 1.449 0.096 0.266 1 2 7.272 92.728
28 NWOD1p05-700_08 6.786 0.852 -0.359 57.121 17.191 3.97 0.047 1.347 0.096 0.139 -0.001 1.652 0.081 0.246 1 2 7.832 92.168
29 NWOD1p05-700_09 6.693 0.796 -0.335 57.464 17.184 3.946 0.004 1.303 0.111 0.121 0.001 1.475 0.106 0.201 1 2 7.930 92.070
30 NWOD1p05-700_10 6.695 0.99 -0.417 56.7 17.202 3.982 -0.025 1.185 0.108 0.135 0.001 1.359 0.1 0.243 1 2 8.742 91.258
31 NWOD1p05-700_11 6.95 0.885 -0.373 57.236 17.53 3.952 -0.001 1.336 0.107 0.167 -0.002 1.557 0.145 0.239 1 2 7.272 92.728
32 NWOD1p05-700_12 6.943 0.85 -0.358 57.371 17.508 3.934 0.055 1.4 0.129 0.108 0.014 1.487 0.153 0.234 1 2 7.172 92.828
33 NWOD1p05-700_13 6.609 0.766 -0.323 56.698 17.129 3.867 0.027 1.203 0.125 0.138 0.009 1.531 0.114 0.258 1 2 8.849 91.151
34 NWOD1p05-700_14 7.057 1.037 -0.437 57.075 17.299 3.985 0.009 1.182 0.128 0.156 0.011 1.619 0.069 0.26 1 2 7.550 92.450
35 NWOD1p05-700_15 6.931 0.872 -0.367 57.12 17.405 3.878 0.018 1.337 0.141 0.126 0.014 1.502 0.064 0.249 1 2 7.710 92.290
36 NWOD1p05-700_16 6.873 0.927 -0.390 56.967 17.125 3.889 0.012 1.36 0.109 0.122 -0.004 1.521 0.033 0.222 1 2 8.234 91.766
37 NWOD1p05-700_17 6.809 0.999 -0.421 57.464 17.345 3.937 0.018 1.333 0.116 0.149 0.016 1.444 0.038 0.243 1 2 7.510 92.490
38 NWOD1p05-700_18 6.932 0.584 -0.246 57.103 17.244 3.928 0.031 1.236 0.105 0.111 0.003 1.563 0.064 0.249 1 2 8.093 91.907
39 NWOD1p05-700_19 6.645 0.809 -0.341 57.038 17.304 3.857 0.001 1.107 0.136 0.148 0.008 1.376 0.096 0.212 1 2 8.604 91.396
40 NWOD1p05-700_20 6.723 0.788 -0.332 57.603 17.527 4.028 0.048 1.191 0.121 0.144 0.001 1.529 0.114 0.219 1 2 7.296 92.704
ASI 1.12
Minimum 6.525 0.584 -0.437 56.698 17.099 3.854 -0.025 1.107 0.094 0.108 -0.007 1.307 0.006 0.201 1.000 2.000 7.172 91.151
Maximum 7.057 1.037 -0.246 57.731 17.554 4.028 0.068 1.402 0.151 0.167 0.016 1.652 0.155 0.287 1.000 2.000 8.849 92.828
Average 6.817 0.843 -0.355 57.157 17.318 3.930 0.019 1.279 0.122 0.137 0.006 1.502 0.094 0.244 1.000 2.000 7.889 92.111
Sigma  0.146 0.117 0.049 0.301 0.143 0.049 0.024 0.084 0.017 0.016 0.007 0.085 0.041 0.022 0.000 0.000 0.506 0.506
Point Comment
Na2O 
(Mass%)
F 
(Mass%)
F Oxy. 
Eq.
SiO2 
(Mass%)
Al2O3 
(Mass%)
K2O 
(Mass%)
TiO2 
(Mass%)
Ta2O5 
(Mass%)
MnO 
(Mass%)
FeO 
(Mass%)
Sc2O3 
(Mass%)
P2O5 
(Mass%)
Nb2O5 
(Mass%)
SnO2 
(Mass%)
Li2O 
(Mass%)
B2O3 
(Mass%)
H2O 
(Mass%)
Total 
(Mass%)
1 NWOD1p2-800redo_01 6.958 0.886 -0.373 57.633 19.871 3.882 0.026 1.384 0.158 0.127 0.006 1.546 0.129 0.192 1 2 4.575 95.425
2 NWOD1p2-800redo_02 6.973 0.642 -0.270 58.235 19.995 3.961 0.03 1.126 0.149 0.161 0.005 1.549 0.077 0.047 1 2 4.320 95.680
3 NWOD1p2-800redo_03 6.906 0.72 -0.303 57.568 19.686 3.874 0.048 1.259 0.092 0.127 0.01 1.44 0.115 0.022 1 2 5.436 94.564
4 NWOD1p2-800redo_04 6.888 0.803 -0.338 57.999 19.773 3.86 -0.013 1.082 0.114 0.126 0.005 1.409 0.03 0.025 1 2 5.237 94.763
5 NWOD1p2-800redo_05 6.897 0.948 -0.399 57.815 19.789 3.868 -0.003 1.175 0.148 0.103 0.001 1.408 0.038 0.044 1 2 5.168 94.832
6 NWOD1p2-800redo_06 6.726 0.915 -0.385 57.852 19.909 3.982 -0.004 1.101 0.089 0.132 0.002 1.356 0.099 0.034 1 2 5.192 94.808
7 NWOD1p2-800redo_07 6.869 0.735 -0.309 58.218 19.487 3.879 -0.003 1.075 0.132 0.12 0.011 1.464 0.056 0.029 1 2 5.237 94.763
8 NWOD1p2-800redo_08 6.84 0.839 -0.353 58.495 19.985 3.927 -0.006 1.082 0.121 0.118 -0.005 1.472 0.183 0.043 1 2 4.259 95.741
9 NWOD1p2-800redo_09 6.856 0.765 -0.322 57.809 20.007 3.949 0.01 1.144 0.127 0.094 -0.001 1.463 0.118 0.035 1 2 4.946 95.054
10 NWOD1p2-800redo_10 6.811 0.937 -0.395 57.373 20.161 3.968 0.021 1.047 0.144 0.094 -0.003 1.399 0.095 0.053 1 2 5.295 94.705
11 NWOD1p2-800redo_11 7.09 0.951 -0.400 58.113 19.68 3.885 0.023 0.996 0.148 0.091 0.011 1.478 0.124 0.001 1 2 4.809 95.191
12 NWOD1p2-800redo_12 6.993 0.949 -0.400 57.664 19.855 3.863 0.022 1.087 0.116 0.106 0.007 1.46 0.065 0.042 1 2 5.171 94.829
13 NWOD1p2-800redo_13 7.085 0.893 -0.376 58.199 19.604 3.924 0.029 1.085 0.126 0.107 -0.001 1.452 0.093 0.065 1 2 4.715 95.285
14 NWOD1p2-800redo_14 6.938 0.995 -0.419 58.329 20.23 3.94 -0.005 1.058 0.102 0.104 -0.009 1.444 0.055 0.032 1 2 4.206 95.794
15 NWOD1p2-800redo_15 6.904 0.838 -0.353 58.037 19.719 3.978 0.018 1.307 0.09 0.095 0.005 1.48 0.049 0.019 1 2 4.814 95.186
16 NWOD1p2-800redo_16 7.055 0.999 -0.421 58.025 20.135 3.951 0.013 1.118 0.121 0.065 0.005 1.365 0.02 0.032 1 2 4.517 95.483
17 NWOD1p2-800redo_17 6.984 0.779 -0.328 57.747 19.886 3.972 -0.001 1.099 0.108 0.104 -0.001 1.497 0.09 0.039 1 2 5.025 94.975
18 NWOD1p2-800redo_18 6.648 0.757 -0.319 57.622 19.96 3.882 0.038 1.011 0.15 0.124 0.011 1.395 0.084 0.03 1 2 5.607 94.393
19 NWOD1p2-800redo_19 7.105 0.894 -0.376 57.782 19.638 3.934 0.024 1.125 0.09 0.11 0.019 1.622 0.069 0.033 1 2 4.931 95.069
20 NWOD1p2-800redo_20 6.971 1.009 -0.425 57.821 19.702 3.866 0.003 1.235 0.119 0.095 0 1.545 0.093 0.055 1 2 4.911 95.089
ASI 1.27
Minimum 6.648 0.642 -0.425 57.373 19.487 3.860 -0.013 0.996 0.089 0.065 -0.009 1.356 0.020 0.001 1.000 2.000 4.206 94.393
Maximum 7.105 1.009 -0.270 58.495 20.230 3.982 0.048 1.384 0.158 0.161 0.019 1.622 0.183 0.192 1.000 2.000 5.607 95.794
Average 6.925 0.863 -0.363 57.917 19.854 3.917 0.014 1.130 0.122 0.110 0.004 1.462 0.084 0.044 1.000 2.000 4.919 95.081
Sigma  0.118 0.105 0.044 0.288 0.198 0.044 0.017 0.098 0.022 0.020 0.007 0.067 0.039 0.038 0.000 0.000 0.394 0.394
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NWOD1.2-700: ASI 1.24 wodginite dissolution experiment at 700 °C, 200 MPa, 5 
days 
 
NMIC1.05-800: ASI 1.10 microlite dissolution experiment at 800 °C, 200 MPa, 5 
days 
 
 
 
 
Point Comment
Na2O 
(Mass%)
F 
(Mass%)
F Oxy. 
Eq.
SiO2 
(Mass%)
Al2O3 
(Mass%)
K2O 
(Mass%)
TiO2 
(Mass%)
Ta2O5 
(Mass%)
MnO 
(Mass%)
FeO 
(Mass%)
Sc2O3 
(Mass%)
P2O5 
(Mass%)
Nb2O5 
(Mass%)
SnO2 
(Mass%)
Li2O 
(Mass%)
B2O3 
(Mass%)
H2O 
(Mass%)
Total 
(Mass%)
21 NWOD1p2-700_01 6.816 0.872 -0.367 57.1 20.14 3.951 0 0.552 0.051 0.059 0.009 1.601 0.106 0.045 1 2 6.065 93.935
22 NWOD1p2-700_02 6.617 0.879 -0.370 56.759 19.702 3.879 -0.022 0.546 0.084 0.043 0.001 1.492 -0.001 0.056 1 2 7.335 92.665
23 NWOD1p2-700_03 7.02 0.772 -0.325 57.017 19.87 3.914 -0.027 0.519 0.074 0.086 -0.001 1.576 0.055 0.026 1 2 6.424 93.576
24 NWOD1p2-700_04 6.732 0.728 -0.307 56.89 19.608 3.938 0.036 0.487 0.047 0.039 -0.002 1.495 -0.021 0.039 1 2 7.291 92.709
25 NWOD1p2-700_05 6.623 0.792 -0.333 57.019 19.97 4.022 -0.003 0.308 0.073 0.062 0.018 1.533 0.116 0.03 1 2 6.770 93.230
26 NWOD1p2-700_06 6.814 0.889 -0.374 57.256 19.833 3.916 0.03 0.63 0.079 0.065 0.006 1.292 0.02 0.012 1 2 6.532 93.468
27 NWOD1p2-700_07 6.777 0.901 -0.379 57.201 19.704 3.915 -0.003 0.794 0.053 0.067 0.006 1.377 0.038 0.036 1 2 6.513 93.487
28 NWOD1p2-700_08 6.929 0.809 -0.341 56.973 19.715 3.931 -0.014 0.415 0.042 0.03 0.008 1.497 -0.012 0.033 1 2 6.985 93.015
29 NWOD1p2-700_09 6.987 0.826 -0.348 57.306 19.822 3.911 0.039 0.641 0.037 0.033 -0.001 1.515 0.105 0.013 1 2 6.114 93.886
30 NWOD1p2-700_10 6.804 0.708 -0.298 56.244 19.648 3.865 -0.033 0.567 0.071 0.053 0.011 1.487 0.112 0.013 1 2 7.748 92.252
31 NWOD1p2-700_11 6.681 0.961 -0.405 56.418 19.568 3.982 -0.006 0.605 0.054 0.052 -0.002 1.38 0.078 0.058 1 2 7.576 92.424
32 NWOD1p2-700_12 6.846 0.776 -0.327 56.903 19.864 3.994 0.04 0.695 0.066 0.081 0.02 1.484 0.046 0.038 1 2 6.474 93.526
33 NWOD1p2-700_13 6.863 0.835 -0.352 57.194 19.994 3.905 0.017 0.561 0.065 0.075 0.012 1.439 0.011 0.033 1 2 6.348 93.652
34 NWOD1p2-700_14 6.846 0.82 -0.345 57.604 19.704 3.942 0.03 0.55 0.045 0.081 0.01 1.438 0.106 0.025 1 2 6.144 93.856
35 NWOD1p2-700_15 7.096 0.782 -0.329 57.561 19.713 3.903 0.017 0.511 0.037 0.073 0.004 1.366 0.083 0.029 1 2 6.154 93.846
36 NWOD1p2-700_16 6.927 0.795 -0.335 57.266 19.686 3.908 0.013 0.563 0.057 0.045 0.005 1.33 0.047 0.018 1 2 6.675 93.325
37 NWOD1p2-700_17 6.394 0.721 -0.304 56.548 19.241 3.946 0.023 0.57 0.052 0.03 0.015 1.422 0.079 0.052 1 2 8.211 91.789
38 NWOD1p2-700_18 6.645 0.964 -0.406 56.804 19.708 3.974 0.017 0.503 0.056 0.058 0.007 1.514 0.104 0.054 1 2 6.998 93.002
39 NWOD1p2-700_19 7.132 0.848 -0.357 57.074 19.619 3.932 -0.005 0.566 0.083 0.071 -0.014 1.627 0.069 0.029 1 2 6.326 93.674
40 NWOD1p2-700_20 6.677 0.774 -0.326 56.935 19.469 3.86 0.013 0.551 0.074 0.083 0.01 1.377 0.062 0.013 1 2 7.428 92.572
ASI 1.28
Minimum 6.394 0.708 -0.406 56.244 19.241 3.860 -0.033 0.308 0.037 0.030 -0.014 1.292 -0.021 0.012 1.000 2.000 6.065 91.789
Maximum 7.132 0.964 -0.298 57.604 20.140 4.022 0.040 0.794 0.084 0.086 0.020 1.627 0.116 0.058 1.000 2.000 8.211 93.935
Average 6.811 0.823 -0.346 57.004 19.729 3.929 0.008 0.557 0.060 0.059 0.006 1.462 0.060 0.033 1.000 2.000 6.806 93.194
Sigma  0.179 0.072 0.030 0.343 0.195 0.041 0.022 0.098 0.015 0.018 0.008 0.090 0.043 0.015 0.000 0.000 0.615 0.615
Point Comment
Na2O 
(Mass%)
F 
(Mass%)
F Oxy. 
Eq.
SiO2 
(Mass%)
Al2O3 
(Mass%)
K2O 
(Mass%)
TiO2 
(Mass%)
CaO 
(Mass%)
Ta2O5 
(Mass%)
MnO 
(Mass%)
Sc2O3 
(Mass%)
P2O5 
(Mass%)
Nb2O5 
(Mass%)
SnO2 
(Mass%)
Li2O 
(Mass%)
B2O3 
(Mass%)
H2O 
(Mass%)
Total 
(Mass%)
1 NMIC1p05-800_01 6.741 0.954 -0.402 58.693 17.788 3.971 0.01 0.041 0.858 0.036 0 1.277 0.091 -0.027 1 2 6.969 93.031
2 NMIC1p05-800_02 7.009 0.859 -0.362 59.104 17.774 4.054 0.045 0.04 0.947 0.012 0.011 1.228 0.079 -0.03 1 2 6.230 93.770
3 NMIC1p05-800_03 6.857 0.733 -0.309 58.589 17.877 4.049 0.005 0.055 0.86 0.028 0.011 1.258 0.079 -0.026 1 2 6.934 93.066
4 NMIC1p05-800_04 6.557 0.646 -0.272 58.808 17.874 4.087 -0.003 0.03 0.829 0.001 0.01 1.227 0.128 -0.02 1 2 7.098 92.902
5 NMIC1p05-800_05 6.845 0.971 -0.409 59.126 17.827 3.994 0.017 0.034 0.814 0.018 0.011 1.262 0.064 0.025 1 2 6.401 93.599
6 NMIC1p05-800_06 7.218 0.737 -0.310 58.201 17.964 4.026 -0.005 0.042 0.775 0.005 0.021 1.111 0.108 -0.038 1 2 7.145 92.855
7 NMIC1p05-800_07 6.891 0.651 -0.274 59.178 17.952 4.059 0.016 0.049 0.892 0.019 0.014 1.255 0.051 -0.015 1 2 6.262 93.738
8 NMIC1p05-800_08 6.949 0.782 -0.329 59.064 18.107 4.036 -0.009 0.036 0.927 0.018 0.008 1.241 0.056 0.01 1 2 6.104 93.896
9 NMIC1p05-800_09 7.006 0.902 -0.380 59.413 18.268 4.012 0.001 0.058 0.823 0.016 -0.007 1.32 0.029 -0.027 1 2 5.566 94.434
10 NMIC1p05-800_10 6.86 0.873 -0.368 59.2 17.955 3.95 0.011 0.035 0.8 0.018 0.016 1.174 0.043 0.04 1 2 6.393 93.607
11 NMIC1p05-800_11 6.814 0.765 -0.322 59.459 17.717 4.018 0.022 0.038 0.898 0.039 0.01 1.231 0.085 0.016 1 2 6.210 93.790
12 NMIC1p05-800_12 6.983 0.774 -0.326 60.281 18.025 4.114 0.015 0.037 0.926 0.015 0.008 1.205 0.117 -0.025 1 2 4.851 95.149
13 NMIC1p05-800_13 7.075 0.885 -0.373 60.014 17.974 4.094 0.054 0.035 0.997 0.004 0.015 1.451 0.092 -0.014 1 2 4.697 95.303
14 NMIC1p05-800_14 6.95 0.896 -0.377 60.105 18.166 3.979 0.001 0.034 0.85 0.025 0.004 1.314 0.082 -0.013 1 2 4.984 95.016
15 NMIC1p05-800_15 7.032 0.841 -0.354 59.533 17.921 3.996 0.029 0.04 0.692 0.043 0.018 1.264 0.186 -0.022 1 2 5.781 94.219
16 NMIC1p05-800_16 7.105 0.998 -0.420 59.608 18.14 4.026 0.007 0.04 0.796 0.014 0.011 1.132 0.028 -0.002 1 2 5.517 94.483
17 NMIC1p05-800_17 6.832 0.674 -0.284 59.341 18.159 4.024 0.006 0.046 0.694 0.02 0.003 1.211 0.125 -0.059 1 2 6.208 93.792
18 NMIC1p05-800_18 6.817 0.798 -0.336 59.257 17.919 4.135 0.029 0.038 0.864 0.052 0.012 1.276 0.154 0.009 1 2 5.976 94.024
19 NMIC1p05-800_19 7.123 0.727 -0.306 58.881 17.982 3.954 0.066 0.039 0.724 0.037 0.01 1.179 0.107 -0.001 1 2 6.478 93.522
20 NMIC1p05-800_20 6.703 0.917 -0.386 59.29 18.156 4.031 0.034 0.044 0.751 0.008 -0.001 1.321 0.074 -0.025 1 2 6.083 93.917
ASI 1.14
Minimum 6.557 0.646 -0.420 58.201 17.717 3.950 -0.009 0.030 0.692 0.001 -0.007 1.111 0.028 -0.059 1.000 2.000 4.697 92.855
Maximum 7.218 0.998 -0.272 60.281 18.268 4.135 0.066 0.058 0.997 0.052 0.021 1.451 0.186 0.040 1.000 2.000 7.145 95.303
Average 6.918 0.819 -0.345 59.257 17.977 4.030 0.018 0.041 0.836 0.021 0.009 1.247 0.089 -0.012 1.000 2.000 6.094 93.906
Sigma  0.158 0.106 0.045 0.509 0.150 0.051 0.020 0.007 0.083 0.014 0.007 0.074 0.040 0.023 0.000 0.000 0.705 0.705
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NMIC1.05-700: ASI 1.10 microlite dissolution experiment at 700 °C, 200 MPa, 5 
days 
 
NMIC1.2-800: ASI 1.24 microlite dissolution experiment at 800 °C, 200 MPa, 5 days 
 
 
 
 
Point Comment
Na2O 
(Mass%)
F 
(Mass%)
F Oxy. 
Eq.
SiO2 
(Mass%)
Al2O3 
(Mass%)
K2O 
(Mass%)
TiO2 
(Mass%)
CaO 
(Mass%)
Ta2O5 
(Mass%)
MnO 
(Mass%)
Sc2O3 
(Mass%)
P2O5 
(Mass%)
Nb2O5 
(Mass%)
SnO2 
(Mass%)
Li2O 
(Mass%)
B2O3 
(Mass%)
H2O 
(Mass%)
Total 
(Mass%)
21 NMIC1p05-700_01 6.636 0.711 -0.299 58.942 18.12 3.956 0.043 0.011 0.66 0.011 -0.002 1.307 0.077 -0.048 1 2 6.875 93.125
22 NMIC1p05-700_02 7.266 0.831 -0.350 57.789 17.818 3.954 -0.003 0.025 0.681 -0.008 0.012 1.308 0.031 -0.037 1 2 7.683 92.317
23 NMIC1p05-700_03 7.004 0.553 -0.233 59.256 17.879 4.072 0.014 0.082 0.582 0.037 0.005 1.26 0.133 0.032 1 2 6.324 93.676
24 NMIC1p05-700_04 6.85 0.769 -0.324 59.658 18.121 4.044 -0.012 0.01 0.586 0.018 0.015 1.282 0.022 -0.032 1 2 5.993 94.007
25 NMIC1p05-700_05 6.822 0.819 -0.345 58.949 17.752 4.058 0.037 -0.001 0.578 0.026 0.008 1.204 0.059 0.004 1 2 7.030 92.970
26 NMIC1p05-700_06 6.926 0.89 -0.375 59.346 17.904 4.061 0.008 0.009 0.572 -0.011 0.001 1.253 0.001 -0.026 1 2 6.441 93.559
27 NMIC1p05-700_07 6.966 0.893 -0.376 59.783 17.848 4.05 0.011 0.018 0.642 0.012 0.001 1.236 0.005 0.007 1 2 5.904 94.096
28 NMIC1p05-700_08 7.001 0.837 -0.352 59.029 17.902 4.016 0.018 0.019 0.607 0.018 -0.007 1.291 -0.022 0.01 1 2 6.633 93.367
29 NMIC1p05-700_09 7.167 0.826 -0.348 59.28 17.759 4.027 0.072 0.018 0.535 0.036 0 1.353 0.032 0.041 1 2 6.202 93.798
30 NMIC1p05-700_10 6.953 0.805 -0.339 58.874 18.36 4.076 -0.004 0.009 0.538 -0.016 0.002 1.459 -0.009 0.008 1 2 6.284 93.716
31 NMIC1p05-700_11 6.971 0.865 -0.364 59.332 17.9 3.984 0.009 0.016 0.751 -0.015 -0.002 1.193 0.009 -0.002 1 2 6.353 93.647
32 NMIC1p05-700_12 6.843 0.869 -0.366 58.775 18.185 4.094 0.003 0.005 0.611 -0.001 0.002 1.512 0.032 -0.005 1 2 6.441 93.559
33 NMIC1p05-700_13 6.752 0.856 -0.360 59.453 18.146 4.113 -0.001 0.016 0.665 0.008 0.008 1.099 0.02 0.004 1 2 6.221 93.779
34 NMIC1p05-700_14 6.942 0.876 -0.369 59.388 18.021 4.046 0.049 0.01 0.681 0.019 0.005 1.193 0.05 0.011 1 2 6.078 93.922
35 NMIC1p05-700_15 6.977 0.784 -0.330 59.554 17.936 3.951 -0.009 0.014 0.52 0.035 0.01 1.127 0.095 0.004 1 2 6.332 93.668
36 NMIC1p05-700_16 7.142 1.101 -0.464 59.387 18.134 4.113 0.012 0.009 0.575 -0.038 -0.003 1.197 0.033 -0.044 1 2 5.846 94.154
37 NMIC1p05-700_17 7.22 0.855 -0.360 59.436 18.013 4.106 0.036 0.016 0.582 0.002 -0.005 1.048 0.043 0.001 1 2 6.007 93.993
38 NMIC1p05-700_18 6.722 0.849 -0.357 59.074 17.931 4.111 0.026 0.017 0.674 0.02 0.005 1.225 0.096 -0.015 1 2 6.622 93.378
39 NMIC1p05-700_19 7.218 0.55 -0.232 58.064 17.661 4.004 0.002 0.019 0.533 0.014 0.009 1.24 0.135 -0.003 1 2 7.786 92.214
40 NMIC1p05-700_20 6.79 0.72 -0.303 58.882 17.659 4.102 0.007 0.023 0.525 0.012 0.003 1.382 0.112 -0.042 1 2 7.128 92.872
ASI 1.13
Minimum 6.636 0.550 -0.464 57.789 17.659 3.951 -0.012 -0.001 0.520 -0.038 -0.007 1.048 -0.022 -0.048 1.000 2.000 5.846 92.214
Maximum 7.266 1.101 -0.232 59.783 18.360 4.113 0.072 0.082 0.751 0.037 0.015 1.512 0.135 0.041 1.000 2.000 7.786 94.154
Average 6.958 0.813 -0.342 59.113 17.952 4.047 0.016 0.017 0.605 0.009 0.003 1.258 0.048 -0.007 1.000 2.000 6.509 93.491
Sigma  0.176 0.119 0.050 0.492 0.185 0.055 0.022 0.016 0.064 0.019 0.006 0.112 0.046 0.025 0.000 0.000 0.546 0.546
Point Comment
Na2O 
(Mass%)
F 
(Mass%)
F Oxy. 
Eq. 
SiO2 
(Mass%)
Al2O3 
(Mass%)
K2O 
(Mass%)
TiO2 
(Mass%)
CaO 
(Mass%)
Ta2O5 
(Mass%)
MnO 
(Mass%)
Sc2O3 
(Mass%)
P2O5 
(Mass%)
Nb2O5 
(Mass%)
SnO2 
(Mass%)
Li2O 
(Mass%)
B2O3 
(Mass%)
H2O 
(Mass%)
Total 
(Mass%)
1 NMIC1p2-800_01 6.792 0.878 -0.370 57.942 20.079 4.012 -0.002 0.088 0.654 0.02 0.009 1.324 0.074 -0.036 1 2 5.536 94.464
2 NMIC1p2-800_02 7.076 0.95 -0.400 58.027 20.032 3.981 0.021 0.091 0.539 0.034 0.009 1.332 0.095 -0.015 1 2 5.228 94.772
3 NMIC1p2-800_03 6.81 0.842 -0.355 58.325 20 4.017 0.008 0.09 0.846 0.016 0.011 1.326 0.05 -0.027 1 2 5.041 94.959
4 NMIC1p2-800_04 6.942 0.702 -0.296 58.229 19.811 3.933 0.029 0.085 0.659 0.026 0.001 1.306 0.025 -0.045 1 2 5.593 94.407
5 NMIC1p2-800_05 6.803 0.565 -0.238 58.074 19.812 3.967 0.028 0.084 0.623 0.02 0.007 1.241 0.044 -0.003 1 2 5.973 94.027
6 NMIC1p2-800_06 6.828 0.766 -0.323 58.39 20.044 3.889 -0.007 0.07 0.517 0.041 0.011 1.349 0.105 -0.015 1 2 5.335 94.665
7 NMIC1p2-800_07 6.625 0.756 -0.318 58.311 20.135 3.964 0.009 0.097 0.597 0.022 0.011 1.114 0.066 -0.009 1 2 5.620 94.380
8 NMIC1p2-800_08 6.689 0.784 -0.330 58.24 19.992 3.934 0.002 0.091 0.521 0.015 0.012 1.272 -0.008 0.006 1 2 5.780 94.220
9 NMIC1p2-800_09 6.785 0.77 -0.324 58.203 19.713 3.923 0.017 0.1 0.925 0.039 0.008 1.237 0.1 -0.03 1 2 5.534 94.466
10 NMIC1p2-800_10 6.694 0.676 -0.285 58.106 20.064 3.87 0.023 0.079 0.646 0.015 0.002 1.25 0.037 -0.025 1 2 5.848 94.152
11 NMIC1p2-800_11 6.887 0.77 -0.324 57.956 19.88 3.98 0.008 0.103 0.585 0.01 0.013 1.443 0.061 -0.018 1 2 5.646 94.354
12 NMIC1p2-800_12 6.959 0.775 -0.326 57.913 20.012 3.935 0.003 0.084 0.661 0.028 0.014 1.406 0.084 0.006 1 2 5.446 94.554
13 NMIC1p2-800_13 6.911 0.898 -0.378 57.527 20.238 4.05 0.027 0.071 0.606 0.002 0.009 1.233 0.06 0.019 1 2 5.727 94.273
14 NMIC1p2-800_14 6.691 0.904 -0.381 57.84 19.583 3.937 -0.01 0.085 0.641 0.024 0.01 1.216 0.113 0.007 1 2 6.340 93.660
15 NMIC1p2-800_15 7.042 0.869 -0.366 57.75 19.869 3.942 0.005 0.088 0.61 0.024 0.004 1.318 0.044 -0.006 1 2 5.807 94.193
16 NMIC1p2-800_16 6.974 0.75 -0.316 58.019 20.173 4.022 0.018 0.094 0.504 0.009 0.004 1.489 -0.014 -0.028 1 2 5.302 94.698
17 NMIC1p2-800_17 6.658 0.845 -0.356 57.3 19.801 4.023 0.019 0.087 0.661 0.038 0 1.282 0.008 -0.002 1 2 6.636 93.364
18 NMIC1p2-800_18 6.944 0.796 -0.335 57.43 19.815 4.002 0.013 0.091 0.614 0.002 0 1.295 0.065 0.008 1 2 6.260 93.740
19 NMIC1p2-800_19 6.669 0.791 -0.333 57.256 19.87 4.007 0.033 0.092 0.575 0.014 0 1.359 0.061 0.005 1 2 6.601 93.399
20 NMIC1p2-800_20 6.932 0.707 -0.298 57.315 20.15 3.944 0.064 0.091 0.669 0.019 0.028 1.529 0.094 -0.035 1 2 5.791 94.209
ASI 1.28
Minimum 6.625 0.565 -0.400 57.256 19.583 3.870 -0.010 0.070 0.504 0.002 0.000 1.114 -0.014 -0.045 1.000 2.000 5.041 93.364
Maximum 7.076 0.950 -0.238 58.390 20.238 4.050 0.064 0.103 0.925 0.041 0.028 1.529 0.113 0.019 1.000 2.000 6.636 94.959
Average 6.836 0.790 -0.333 57.908 19.954 3.967 0.015 0.088 0.633 0.021 0.008 1.316 0.058 -0.012 1.000 2.000 5.752 94.248
Sigma  0.135 0.090 0.038 0.364 0.170 0.048 0.017 0.008 0.101 0.011 0.007 0.097 0.036 0.018 0.000 0.000 0.433 0.433
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NMIC1.2-700: ASI 1.24 microlite dissolution experiment at 700 °C, 200 MPa, 5 days 
 
 
 
 
 
 
Point Comment
Na2O 
(Mass%)
F 
(Mass%)
F Oxy. 
Eq. 
SiO2 
(Mass%)
Al2O3 
(Mass%)
K2O 
(Mass%)
TiO2 
(Mass%)
CaO 
(Mass%)
Ta2O5 
(Mass%)
MnO 
(Mass%)
Sc2O3 
(Mass%)
P2O5 
(Mass%)
Nb2O5 
(Mass%)
SnO2 
(Mass%)
Li2O 
(Mass%)
B2O3 
(Mass%)
H2O 
(Mass%)
Total 
(Mass%)
21 NMIC1p2-700_01 6.937 0.677 -0.285 57.379 20.041 3.931 -0.03 0.024 0.278 -0.003 0.008 1.385 -0.064 -0.013 1 2 6.735 93.265
22 NMIC1p2-700_02 7.104 0.798 -0.336 57.103 19.714 3.915 -0.013 0.025 0.215 0.013 0.006 1.323 0.005 -0.007 1 2 7.135 92.865
23 NMIC1p2-700_03 6.941 0.857 -0.361 57.512 19.91 3.95 0.018 0.033 0.341 0.018 0.019 1.28 -0.015 -0.025 1 2 6.522 93.478
24 NMIC1p2-700_04 6.948 0.909 -0.383 56.402 19.433 3.949 0.025 0.034 0.197 -0.001 0.009 1.419 0.023 -0.024 1 2 8.060 91.940
25 NMIC1p2-700_05 6.727 0.77 -0.324 56.818 19.87 3.952 -0.013 0.036 0.211 -0.001 0 1.335 0.019 -0.005 1 2 7.605 92.395
26 NMIC1p2-700_06 6.746 0.807 -0.340 57.804 19.585 3.946 -0.01 0.019 0.359 -0.02 0.004 1.452 -0.019 -0.014 1 2 6.681 93.319
27 NMIC1p2-700_07 6.765 0.672 -0.283 57.263 20.064 3.916 0.003 0.033 0.343 0.005 0.007 1.411 -0.023 -0.011 1 2 6.835 93.165
28 NMIC1p2-700_08 6.751 0.877 -0.369 57.651 19.996 3.982 0.009 0.032 0.38 0.016 0.005 1.369 -0.019 0.023 1 2 6.297 93.703
29 NMIC1p2-700_09 6.882 0.699 -0.294 57.466 19.805 3.948 0.011 0.026 0.363 0.009 -0.002 1.327 0.04 0.042 1 2 6.678 93.322
30 NMIC1p2-700_10 6.771 0.696 -0.293 57.284 19.747 3.97 0.015 0.022 0.388 0.03 0.002 1.305 0.002 -0.024 1 2 7.085 92.915
31 NMIC1p2-700_11 6.926 0.847 -0.357 57.381 19.84 3.995 0.031 0.032 0.318 0.033 0.008 1.326 0.029 -0.013 1 2 6.604 93.396
32 NMIC1p2-700_12 7.314 0.829 -0.349 57.497 19.938 3.902 0.019 0.027 0.298 0.009 -0.001 1.293 0.072 -0.023 1 2 6.175 93.825
33 NMIC1p2-700_13 6.463 0.799 -0.336 56.958 20.036 3.938 0.023 0.025 0.246 0.02 -0.001 1.517 -0.037 -0.055 1 2 7.404 92.596
34 NMIC1p2-700_14 6.775 0.85 -0.358 56.973 19.865 3.978 0.012 0.022 0.34 0.004 0.007 1.394 0.001 -0.016 1 2 7.153 92.847
35 NMIC1p2-700_15 6.685 0.68 -0.286 57.286 19.516 3.979 0.014 0.035 0.312 -0.023 0.009 1.22 0.055 -0.038 1 2 7.556 92.444
36 NMIC1p2-700_16 6.809 0.673 -0.283 57.239 19.653 3.995 0.001 0.05 0.558 0.023 0.007 1.314 0.092 -0.022 1 2 6.891 93.109
37 NMIC1p2-700_17 6.792 0.916 -0.386 56.829 19.868 3.969 0.023 0.024 0.325 0.009 0 1.41 0.077 0.004 1 2 7.140 92.860
38 NMIC1p2-700_18 6.879 0.944 -0.397 56.559 19.533 3.999 0.032 0.024 0.375 0.004 0.014 1.266 0.036 -0.029 1 2 7.761 92.239
39 NMIC1p2-700_19 6.772 0.791 -0.333 57.471 19.877 3.94 0.018 0.035 0.314 -0.026 0.001 1.362 -0.025 -0.033 1 2 6.836 93.164
40 NMIC1p2-700_20 6.856 0.741 -0.312 57.016 19.831 3.954 0.008 0.02 0.429 -0.028 0 1.406 0.045 -0.017 1 2 7.051 92.949
ASI 1.27
Minimum 6.463 0.672 -0.397 56.402 19.433 3.902 -0.030 0.019 0.197 -0.028 -0.002 1.220 -0.064 -0.055 1.000 2.000 6.175 91.940
Maximum 7.314 0.944 -0.283 57.804 20.064 3.999 0.032 0.050 0.558 0.033 0.019 1.517 0.092 0.042 1.000 2.000 8.060 93.825
Average 6.842 0.792 -0.333 57.195 19.806 3.955 0.010 0.029 0.330 0.005 0.005 1.356 0.015 -0.015 1.000 2.000 7.010 92.990
Sigma  0.171 0.088 0.037 0.360 0.183 0.028 0.016 0.007 0.082 0.018 0.005 0.070 0.041 0.021 0.000 0.000 0.487 0.487
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Appendix M: BSE images of experiments and location of EPMA analysis spots in 
McNeil (2018, Chapter 4). Apatite and lithiophilite crystals are too small to be seen 
at the scale of some images. Experiment descriptions are provided below the images. 
 
NMIC1.2-700: ASI 1.24 microlite dissolution experiment at 700 °C, 200 MPa, 5 days 
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NMIC1.2-800: ASI 1.24 microlite dissolution experiment at 800 °C, 200 MPa, 5 days 
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NMIC1.05-700: ASI 1.10 microlite dissolution experiment at 700 °C, 200 MPa, 5 
days 
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NMIC1.05-800: ASI 1.10 microlite dissolution experiment at 800 °C, 200 MPa, 5 
days 
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NWOD1.2-700: ASI 1.24 wodginite dissolution experiment at 700 °C, 200 MPa, 5 
days 
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NWOD1.2-800redo: ASI 1.24 wodginite dissolution experiment at 800 °C, 200 MPa, 
5 days 
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NWOD1.05-700: ASI 1.10 wodginite dissolution experiment at 700 °C, 200 MPa, 5 
days 
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NWOD1.05-800: ASI 1.10 wodginite dissolution experiment at 800 °C, 200 MPa, 5 
days 
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TAN1.2-700: ASI 1.24 tantalite-(Mn) dissolution experiment at 700 °C, 200 MPa, 5 
days 
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TAN1.2-800redo: ASI 1.24 tantalite-(Mn) dissolution experiment at 800 °C, 200 
MPa, 5 days 
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TAN1.05-700: ASI 1.10 tantalite-(Mn) dissolution experiment at 700 °C, 200 MPa, 5 
days 
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TAN1.05-800: ASI 1.10 tantalite-(Mn) dissolution experiment at 800 °C, 200 MPa, 5 
days 
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Ti-WOD1.2-700: ASI 1.24 titanowodginite dissolution experiment at 700 °C, 200 
MPa, 5 days 
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Ti-WOD1.2-800: ASI 1.24 titanowodginite dissolution experiment at 800 °C, 200 
MPa, 5 days 
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Ti-WOD1.05-700: ASI 1.10 titanowodginite dissolution experiment at 700 °C, 200 
MPa, 5 days 
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Ti-WOD1.05-800: ASI 1.10 titanowodginite dissolution experiment at 800 °C, 200 
MPa, 5 days 
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Appendix N: Raman spectra for lithiophilite present in TAN1.05-700 (ASI 1.10 
tantalite-(Mn) at 700 °C, 200 MPa, 5 days) experiment (McNeil 2018, Chapter 4) 
and reference spectra for lithiophilite from RRuff database. Tantalite-(Mn) and 
glass spectra collected for comparison in TAN-700 (McNeil 2018, Chapter 3) are 
provided as well, as some lithiophilite spectra contain elements from tantalite-(Mn) 
crystals due to their proximity. 
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Lithiophilite Spectra from RRuff database, RRUFF ID: R070303. RRuff sample 
data is from natural crystals containing some Fe and trace Ca and Mg 
(http://rruff.info/lithiophilite/display=default/R070303).  
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Tantalite-(Mn) Spectra from RRuff database, RRUFF ID: R060252. RRuff sample 
data is from natural crystals containing some Fe and Nb (http://rruff.info/tantalite-
(mn)/display=default/R060252).  
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Appendix O: EPMA data for all experiment run products (20 spots analyzed per 
experiment) in McNeil (2018, Chapter 5). H2O is calculated by difference from the 
total. Li2O and B2O3 are entered as estimates based on starting glass composition. 
EPMA data for columbite-(Mn) analyses is provided as well. Detection limits are (in 
ppm): Na – 900; F – 1700; Si – 800; Al – 700; K – 450; Ca – 170; Ta – 1000; P – 700; 
Nb – 750; Mn – 350; and Cl – 200. Experiment descriptions are provided above the 
respective data.  
SCa1000Nb1000-800: Fluid experiment containing 400 ppm Ca fluid, 1000 ppm Nb 
glass at 800 °C, 200 MPa, 5 days 
 
 
 
 
 
 
 
 
 
Point Comment
Na2O 
(Mass%)
F 
(Mass%)
F Oxy. 
Eq.
SiO2 
(Mass%)
Al2O3 
(Mass%)
P2O5 
(Mass%)
Cl 
(Mass%)
Cl Oxy. 
Eq.
CaO 
(Mass%)
K2O 
(Mass%)
Nb2O5 
(Mass%)
B2O3 
(Mass%)
Li2O 
(Mass%)
H2O 
(Mass%)
Total 
(Mass%)
1 SCa1000Nb1000-800_01 7.348 0.676 -0.285 59.557 16.728 1.455 0.222 -0.050 0.046 4.224 0.137 2 1 6.942 93.058
2 SCa1000Nb1000-800_02 7.197 0.829 -0.349 59.115 16.583 1.579 0.265 -0.060 0.052 4.165 0.173 2 1 7.451 92.549
3 SCa1000Nb1000-800_03 7.16 0.866 -0.365 58.876 16.421 1.423 0.253 -0.057 0.051 4.188 0.128 2 1 8.056 91.944
4 SCa1000Nb1000-800_04 7.346 0.927 -0.390 59.319 16.662 1.526 0.238 -0.054 0.046 4.25 0.162 2 1 6.968 93.032
5 SCa1000Nb1000-800_05 7.186 0.774 -0.326 59.408 16.447 1.33 0.236 -0.053 0.052 4.228 0.082 2 1 7.636 92.364
6 SCa1000Nb1000-800_06 7.577 0.759 -0.320 59.703 16.664 1.278 0.25 -0.056 0.055 4.178 0.153 2 1 6.759 93.241
7 SCa1000Nb1000-800_07 7.186 0.732 -0.308 59.204 16.38 1.413 0.254 -0.057 0.047 4.206 0.156 2 1 7.788 92.212
8 SCa1000Nb1000-800_08 7.077 0.788 -0.332 59.528 16.542 1.409 0.255 -0.058 0.037 4.092 0.154 2 1 7.507 92.493
9 SCa1000Nb1000-800_09 7.024 1.068 -0.450 59.338 16.38 1.46 0.244 -0.055 0.051 4.226 0.137 2 1 7.577 92.423
10 SCa1000Nb1000-800_10 7.139 0.842 -0.355 59.152 16.581 1.358 0.234 -0.053 0.056 4.164 0.061 2 1 7.820 92.180
11 SCa1000Nb1000-800_11 7.304 0.704 -0.296 58.998 16.557 1.408 0.239 -0.054 0.059 4.166 0.123 2 1 7.792 92.208
12 SCa1000Nb1000-800_12 7.088 0.656 -0.276 59.655 16.807 1.332 0.252 -0.057 0.053 4.181 0.115 2 1 7.194 92.806
13 SCa1000Nb1000-800_13 7.263 0.83 -0.349 59.989 16.961 1.498 0.246 -0.056 0.048 4.243 0.107 2 1 6.220 93.780
14 SCa1000Nb1000-800_14 7.358 0.979 -0.412 59.723 16.345 1.471 0.253 -0.057 0.05 4.177 0.115 2 1 6.998 93.002
15 SCa1000Nb1000-800_15 6.966 0.829 -0.349 58.944 16.58 1.308 0.242 -0.055 0.058 4.207 0.192 2 1 8.078 91.922
16 SCa1000Nb1000-800_16 7.536 0.81 -0.341 59.954 16.778 1.527 0.266 -0.060 0.055 4.265 0.146 2 1 6.064 93.936
17 SCa1000Nb1000-800_17 6.989 0.833 -0.351 59.896 16.578 1.467 0.232 -0.052 0.037 4.222 0.188 2 1 6.961 93.039
18 SCa1000Nb1000-800_18 7.123 0.699 -0.294 59.126 16.579 1.386 0.278 -0.063 0.047 4.117 0.144 2 1 7.858 92.142
19 SCa1000Nb1000-800_19 7.025 0.744 -0.313 59.421 16.277 1.528 0.253 -0.057 0.044 4.272 0.104 2 1 7.702 92.298
20 SCa1000Nb1000-800_20 7.066 0.878 -0.370 59.36 16.836 1.447 0.265 -0.060 0.05 4.205 0.151 2 1 7.171 92.829
ASI 1.01
Minimum 6.966 0.656 -0.450 58.876 16.277 1.278 0.222 -0.063 0.037 4.092 0.061 2.000 1.000 6.064 91.922
Maximum 7.577 1.068 -0.276 59.989 16.961 1.579 0.278 -0.050 0.059 4.272 0.192 2.000 1.000 8.078 93.936
Average 7.198 0.811 -0.342 59.413 16.584 1.430 0.249 -0.056 0.050 4.199 0.136 2.000 1.000 7.327 92.673
Sigma  0.171 0.102 0.043 0.333 0.179 0.081 0.014 0.003 0.006 0.046 0.033 0.000 0.000 0.567 0.567
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SCa1000Ta1000-800: Fluid experiment containing 400 ppm Ca fluid, 1000 ppm Ta 
glass at 800 °C, 200 MPa, 5 days 
 
SMn1000Nb1000-800: Fluid experiment containing 1000 ppm Mn fluid, 1000 ppm 
Nb glass at 800 °C, 200 MPa, 5 days 
 
 
Point Comment
Na2O 
(Mass%)
F 
(Mass%)
F Oxy. 
Eq.
SiO2 
(Mass%)
Al2O3 
(Mass%)
P2O5 
(Mass%)
Cl 
(Mass%)
Cl Oxy. 
Eq.
Ta2O5 
(Mass%)
K2O 
(Mass%)
CaO 
(Mass%)
Li2O 
(Mass%)
B2O3 
(Mass%)
H2O 
(Mass%)
Total 
(Mass%)
1 SCa1000Ta1000-800_01 6.94 0.846 -0.356 58.55 16.591 1.54 0.214 -0.048 0.167 4.167 0.065 1 2 8.325 91.675
2 SCa1000Ta1000-800_02 7.14 0.898 -0.378 58.624 16.703 1.479 0.223 -0.050 0.152 4.136 0.06 1 2 8.013 91.987
3 SCa1000Ta1000-800_03 7.135 0.707 -0.298 58.421 16.508 1.529 0.209 -0.047 0.223 4.281 0.04 1 2 8.292 91.708
4 SCa1000Ta1000-800_04 7.124 0.765 -0.322 58.459 16.587 1.437 0.218 -0.049 0.101 4.243 0.037 1 2 8.400 91.600
5 SCa1000Ta1000-800_05 7.381 0.755 -0.318 58.718 16.704 1.351 0.227 -0.051 0.033 4.242 0.049 1 2 7.909 92.091
6 SCa1000Ta1000-800_06 7.076 0.861 -0.363 58.507 16.541 1.512 0.216 -0.049 0.082 4.159 0.043 1 2 8.414 91.586
7 SCa1000Ta1000-800_07 6.831 0.849 -0.357 58.005 16.492 1.512 0.203 -0.046 0.057 4.186 0.036 1 2 9.232 90.768
8 SCa1000Ta1000-800_08 7.286 0.952 -0.401 58.933 16.655 1.417 0.218 -0.049 0.081 4.244 0.056 1 2 7.608 92.392
9 SCa1000Ta1000-800_09 7.302 0.911 -0.384 58.544 16.395 1.6 0.223 -0.050 0.122 4.238 0.044 1 2 8.055 91.945
10 SCa1000Ta1000-800_10 7.179 0.752 -0.317 58.261 16.157 1.485 0.217 -0.049 0.181 4.158 0.04 1 2 8.936 91.064
11 SCa1000Ta1000-800_11 7.201 0.858 -0.361 57.909 16.395 1.473 0.218 -0.049 0.156 4.192 0.042 1 2 8.966 91.034
12 SCa1000Ta1000-800_12 6.978 0.805 -0.339 58.104 16.085 1.484 0.218 -0.049 0.074 4.203 0.049 1 2 9.388 90.612
13 SCa1000Ta1000-800_13 7.101 0.923 -0.389 58.259 16.131 1.343 0.231 -0.052 0.132 4.18 0.03 1 2 9.111 90.889
14 SCa1000Ta1000-800_14 7.12 0.832 -0.350 58.31 16.264 1.535 0.224 -0.051 0.168 4.077 0.053 1 2 8.818 91.182
15 SCa1000Ta1000-800_15 7.156 0.844 -0.355 58.066 16.651 1.523 0.211 -0.048 0.182 4.229 0.04 1 2 8.501 91.499
16 SCa1000Ta1000-800_16 7.09 0.68 -0.286 58.16 16.52 1.424 0.22 -0.050 0.132 4.137 0.05 1 2 8.923 91.077
17 SCa1000Ta1000-800_17 7.165 0.68 -0.286 58.311 16.447 1.431 0.217 -0.049 0.209 4.169 0.051 1 2 8.655 91.345
18 SCa1000Ta1000-800_18 7.186 0.814 -0.343 57.514 16.325 1.461 0.223 -0.050 0.129 4.079 0.044 1 2 9.618 90.382
19 SCa1000Ta1000-800_19 7.172 0.987 -0.416 58.298 16.514 1.478 0.232 -0.052 0.204 4.17 0.047 1 2 8.366 91.634
20 SCa1000Ta1000-800_20 7.135 0.804 -0.339 58.061 16.168 1.39 0.214 -0.048 0.169 4.192 0.053 1 2 9.201 90.799
ASI 1.01
Minimum 6.831 0.680 -0.416 57.514 16.085 1.343 0.203 -0.052 0.033 4.077 0.030 1.000 2.000 7.608 90.382
Maximum 7.381 0.987 -0.286 58.933 16.704 1.600 0.232 -0.046 0.223 4.281 0.065 1.000 2.000 9.618 92.392
Average 7.135 0.826 -0.348 58.301 16.442 1.470 0.219 -0.049 0.138 4.184 0.046 1.000 2.000 8.637 91.363
Sigma  0.122 0.086 0.036 0.318 0.196 0.065 0.007 0.002 0.053 0.053 0.009 0.000 0.000 0.536 0.536
Point Comment
Na2O 
(Mass%)
F 
(Mass%)
F Oxy. 
Eq. 
SiO2 
(Mass%)
Al2O3 
(Mass%)
P2O5 
(Mass%)
Cl 
(Mass%)
Cl Oxy. 
Eq.
MnO 
(Mass%)
K2O 
(Mass%)
Nb2O5 
(Mass%)
B2O3 
(Mass%)
Li2O 
(Mass%)
H2O 
(Mass%)
Total 
(Mass%)
1 SMn1000Nb1000-800_01 7.434 0.751 -0.316 59.629 16.505 1.412 0.235 -0.053 0.064 4.142 0.159 2 1 7.038 92.962
2 SMn1000Nb1000-800_02 7.305 0.834 -0.351 59.739 16.702 1.475 0.24 -0.054 0.054 4.21 0.188 2 1 6.658 93.342
3 SMn1000Nb1000-800_03 7.03 0.857 -0.361 59.444 16.75 1.452 0.262 -0.059 0.069 4.176 0.17 2 1 7.210 92.790
4 SMn1000Nb1000-800_04 7.352 0.769 -0.324 59.94 17.131 1.418 0.24 -0.054 0.07 4.188 0.104 2 1 6.166 93.834
5 SMn1000Nb1000-800_05 7.218 0.805 -0.339 59.532 16.939 1.404 0.248 -0.056 0.05 4.081 0.052 2 1 7.066 92.934
6 SMn1000Nb1000-800_06 7.19 0.86 -0.362 59.231 16.87 1.4 0.255 -0.058 0.06 4.183 0.169 2 1 7.202 92.798
7 SMn1000Nb1000-800_07 7.161 0.691 -0.291 59.478 16.744 1.406 0.241 -0.054 0.057 4.198 0.125 2 1 7.244 92.756
8 SMn1000Nb1000-800_08 7.131 0.91 -0.383 59.556 16.59 1.51 0.251 -0.057 0.07 4.128 0.076 2 1 7.218 92.782
9 SMn1000Nb1000-800_09 6.928 0.986 -0.415 59.127 16.976 1.427 0.252 -0.057 0.067 4.201 0.156 2 1 7.352 92.648
10 SMn1000Nb1000-800_10 7.381 0.808 -0.340 59.053 16.786 1.625 0.244 -0.055 0.054 4.21 0.115 2 1 7.119 92.881
11 SMn1000Nb1000-800_11 7.249 0.755 -0.318 58.961 16.758 1.464 0.279 -0.063 0.059 4.177 0.084 2 1 7.595 92.405
12 SMn1000Nb1000-800_12 7.295 0.818 -0.344 59.44 16.659 1.456 0.226 -0.051 0.077 4.191 0.091 2 1 7.142 92.858
13 SMn1000Nb1000-800_13 7.462 0.815 -0.343 59.579 16.992 1.451 0.239 -0.054 0.08 4.291 0.152 2 1 6.336 93.664
14 SMn1000Nb1000-800_14 7.005 0.847 -0.357 59.121 16.761 1.403 0.227 -0.051 0.093 4.182 0.22 2 1 7.549 92.451
15 SMn1000Nb1000-800_15 7.221 0.84 -0.354 58.857 16.775 1.444 0.253 -0.057 0.057 4.137 0.138 2 1 7.689 92.311
16 SMn1000Nb1000-800_16 7.304 0.729 -0.307 59.071 16.601 1.419 0.236 -0.053 0.093 4.249 0.136 2 1 7.522 92.478
17 SMn1000Nb1000-800_17 7.443 0.73 -0.307 59.338 16.984 1.469 0.246 -0.056 0.05 4.228 0.105 2 1 6.770 93.230
18 SMn1000Nb1000-800_18 7.159 0.593 -0.250 59.547 16.935 1.448 0.236 -0.053 0.057 4.184 0.165 2 1 6.979 93.021
19 SMn1000Nb1000-800_19 7.24 0.875 -0.368 59.093 16.835 1.555 0.275 -0.062 0.041 4.2 0.169 2 1 7.147 92.853
20 SMn1000Nb1000-800_20 7.216 0.854 -0.360 59.315 16.729 1.496 0.248 -0.056 0.067 4.237 0.186 2 1 7.068 92.932
ASI 1.02
Minimum 6.928 0.593 -0.415 58.857 16.505 1.400 0.226 -0.063 0.041 4.081 0.052 2.000 1.000 6.166 92.311
Maximum 7.462 0.986 -0.250 59.940 17.131 1.625 0.279 -0.051 0.093 4.291 0.220 2.000 1.000 7.689 93.834
Average 7.236 0.806 -0.340 59.353 16.801 1.457 0.247 -0.056 0.064 4.190 0.138 2.000 1.000 7.104 92.896
Sigma  0.145 0.085 0.036 0.283 0.157 0.056 0.014 0.003 0.014 0.046 0.043 0.000 0.000 0.389 0.389
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SMn1000Ta1000-800: Fluid experiment containing 1000 ppm Mn fluid, 1000 ppm 
Ta glass at 800 °C, 200 MPa, 5 days 
 
SMn1Ta5000-700: Fluid experiment containing 1 wt% Mn fluid, 5000 ppm Ta glass 
at 700 °C, 200 MPa, 5 days 
 
 
Point Comment
Na2O 
(Mass%)
F 
(Mass%)
F Oxy. 
Eq.
SiO2 
(Mass%)
Al2O3 
(Mass%)
P2O5 
(Mass%)
Cl 
(Mass%)
Cl Oxy. 
Eq.
Ta2O5 
(Mass%)
MnO 
(Mass%)
K2O 
(Mass%)
B2O3 
(Mass%)
Li2O 
(Mass%)
H2O 
(Mass%)
Total 
(Mass%)
1 SMn1000Ta1000-800_01 7.382 0.785 -0.331 59.733 16.799 1.535 0.231 -0.052 0.173 0.041 4.128 2 1 6.576 93.424
2 SMn1000Ta1000-800_02 7.323 0.829 -0.349 59.331 16.84 1.518 0.211 -0.048 0.149 0.078 4.301 2 1 6.817 93.183
3 SMn1000Ta1000-800_03 7.262 0.914 -0.385 59.746 17.017 1.55 0.217 -0.049 0.217 0.053 4.257 2 1 6.201 93.799
4 SMn1000Ta1000-800_04 7.29 0.89 -0.375 59.33 16.595 1.478 0.216 -0.049 0.178 0.076 4.197 2 1 7.173 92.827
5 SMn1000Ta1000-800_05 7.176 0.6 -0.253 59.181 16.797 1.467 0.205 -0.046 0.215 0.064 4.114 2 1 7.480 92.520
6 SMn1000Ta1000-800_06 7.29 0.765 -0.322 59.016 16.852 1.383 0.189 -0.043 0.164 0.046 4.203 2 1 7.457 92.543
7 SMn1000Ta1000-800_07 7.38 0.733 -0.309 59.342 16.851 1.513 0.212 -0.048 0.071 0.089 4.224 2 1 6.941 93.059
8 SMn1000Ta1000-800_08 7.286 0.831 -0.350 59.395 16.64 1.488 0.247 -0.056 0.201 0.065 4.206 2 1 7.047 92.953
9 SMn1000Ta1000-800_09 7.149 0.759 -0.320 59.202 17.154 1.53 0.215 -0.049 0.157 0.051 4.198 2 1 6.953 93.047
10 SMn1000Ta1000-800_10 7.114 0.802 -0.338 59.37 16.972 1.493 0.21 -0.047 0.115 0.082 4.176 2 1 7.051 92.949
11 SMn1000Ta1000-800_11 7.441 0.678 -0.285 59.319 16.517 1.338 0.236 -0.053 0.135 0.065 4.281 2 1 7.329 92.671
12 SMn1000Ta1000-800_12 7.378 0.739 -0.311 59.377 16.782 1.435 0.226 -0.051 0.128 0.055 4.239 2 1 7.003 92.997
13 SMn1000Ta1000-800_13 7.698 0.919 -0.387 59.514 16.875 1.509 0.222 -0.050 0.16 0.062 4.307 2 1 6.171 93.829
14 SMn1000Ta1000-800_14 7.413 0.92 -0.387 59.901 16.773 1.455 0.2 -0.045 0.231 0.094 4.204 2 1 6.242 93.758
15 SMn1000Ta1000-800_15 7.221 0.686 -0.289 59.675 16.496 1.475 0.207 -0.047 0.155 0.072 4.265 2 1 7.084 92.916
16 SMn1000Ta1000-800_16 7.396 0.785 -0.331 59.49 16.667 1.482 0.204 -0.046 0.125 0.073 4.242 2 1 6.913 93.087
17 SMn1000Ta1000-800_17 7.346 0.776 -0.327 58.941 16.627 1.421 0.224 -0.051 0.24 0.047 4.267 2 1 7.488 92.512
18 SMn1000Ta1000-800_18 6.996 0.856 -0.360 58.071 16.885 1.337 0.225 -0.051 0.2 0.072 4.196 2 1 8.573 91.427
19 SMn1000Ta1000-800_19 7.085 0.93 -0.392 58.767 16.604 1.376 0.238 -0.054 0.19 0.057 4.128 2 1 8.070 91.930
20 SMn1000Ta1000-800_20 7.32 0.97 -0.408 58.522 16.713 1.505 0.193 -0.044 0.087 0.066 4.137 2 1 7.939 92.061
ASI 1.01
Minimum 6.996 0.600 -0.408 58.071 16.496 1.337 0.189 -0.056 0.071 0.041 4.114 2.000 1.000 6.171 91.427
Maximum 7.698 0.970 -0.253 59.901 17.154 1.550 0.247 -0.043 0.240 0.094 4.307 2.000 1.000 8.573 93.829
Average 7.297 0.808 -0.340 59.261 16.773 1.464 0.216 -0.049 0.165 0.065 4.214 2.000 1.000 7.125 92.875
Sigma  0.153 0.097 0.041 0.435 0.169 0.064 0.015 0.003 0.046 0.014 0.057 0.000 0.000 0.613 0.613
Point Comment
Na2O 
(Mass%)
F 
(Mass%)
F Oxy. 
Eq.
SiO2 
(Mass%)
Al2O3 
(Mass%)
P2O5 
(Mass%)
Cl 
(Mass%)
Cl Oxy. 
Eq.
Ta2O5 
(Mass%)
MnO 
(Mass%)
K2O 
(Mass%)
B2O3 
(mass%)
Li2O 
(Mass%)
H2O 
(Mass%)
Total 
(Mass%)
1 SMn1Ta5000-700_01 6.63 0.73 -0.307 61.199 16.911 1.154 0.16 -0.036 0.516 0.372 4.042 2 1 5.629 94.371
2 SMn1Ta5000-700_02 6.876 0.689 -0.290 60.373 16.833 1.519 0.144 -0.032 0.583 0.725 4.058 2 1 5.523 94.477
3 SMn1Ta5000-700_03 6.751 0.913 -0.384 61.053 17.003 1.168 0.155 -0.035 0.665 0.391 4.097 2 1 5.223 94.777
4 SMn1Ta5000-700_04 6.97 0.959 -0.404 60.402 17.148 1.078 0.153 -0.035 0.606 0.4 4.158 2 1 5.564 94.436
5 SMn1Ta5000-700_05 7.049 0.64 -0.269 61.47 16.895 1.15 0.149 -0.034 0.614 0.391 4.069 2 1 4.876 95.124
6 SMn1Ta5000-700_06 6.795 0.921 -0.388 60.576 16.856 1.118 0.13 -0.029 0.653 0.51 4.057 2 1 5.801 94.199
7 SMn1Ta5000-700_07 6.758 0.647 -0.272 60.448 17.277 1.299 0.139 -0.031 0.689 0.368 4.085 2 1 5.594 94.406
8 SMn1Ta5000-700_08 7.104 0.957 -0.403 60.419 16.98 1.275 0.145 -0.033 0.649 0.363 4.102 2 1 5.442 94.558
9 SMn1Ta5000-700_09 7.152 0.887 -0.373 60.842 16.988 1.161 0.142 -0.032 0.699 0.389 4.1 2 1 5.046 94.954
10 SMn1Ta5000-700_10 7.062 0.892 -0.376 60.714 17.249 1.116 0.164 -0.037 0.632 0.369 3.999 2 1 5.216 94.784
11 SMn1Ta5000-700_11 6.638 0.741 -0.312 59.881 16.806 1.753 0.164 -0.037 0.587 0.894 4.036 2 1 5.849 94.151
12 SMn1Ta5000-700_12 6.935 1.003 -0.422 61.222 17.348 1.197 0.157 -0.035 0.667 0.42 4.197 2 1 4.312 95.688
13 SMn1Ta5000-700_13 7.106 0.869 -0.366 60.922 16.897 1.252 0.153 -0.035 0.627 0.376 4.109 2 1 5.089 94.911
14 SMn1Ta5000-700_14 7.129 0.752 -0.317 60.636 17.069 1.225 0.144 -0.032 0.589 0.373 4.127 2 1 5.305 94.695
15 SMn1Ta5000-700_15 7.13 0.942 -0.397 61.246 17.289 1.062 0.151 -0.034 0.684 0.465 4.122 2 1 4.340 95.660
16 SMn1Ta5000-700_16 6.853 1.047 -0.441 61.094 17.294 1.015 0.14 -0.032 0.671 0.363 4.113 2 1 4.882 95.118
17 SMn1Ta5000-700_17 7.002 0.848 -0.357 61.206 17.335 1.077 0.159 -0.036 0.677 0.33 4.131 2 1 4.628 95.372
18 SMn1Ta5000-700_18 6.848 1.049 -0.442 60.445 17.119 1.294 0.15 -0.034 0.639 0.366 4.065 2 1 5.501 94.499
19 SMn1Ta5000-700_19 6.984 0.76 -0.320 60.442 17.149 1.173 0.155 -0.035 0.52 0.382 4.141 2 1 5.649 94.351
20 SMn1Ta5000-700_20 6.934 0.833 -0.351 60.373 17.292 1.19 0.146 -0.033 0.536 0.351 4.094 2 1 5.635 94.365
ASI 1.08
Minimum 6.630 0.640 -0.442 59.881 16.806 1.015 0.130 -0.037 0.516 0.330 3.999 2.000 1.000 4.312 94.151
Maximum 7.152 1.049 -0.269 61.470 17.348 1.753 0.164 -0.029 0.699 0.894 4.197 2.000 1.000 5.849 95.688
Average 6.935 0.854 -0.360 60.748 17.087 1.214 0.150 -0.034 0.625 0.430 4.095 2.000 1.000 5.255 94.745
Sigma  0.162 0.126 0.053 0.413 0.186 0.168 0.009 0.002 0.056 0.138 0.046 0.000 0.000 0.456 0.456
363 
 
SMn1Nb5000-700: Fluid experiment containing 1 wt% Mn fluid, 5000 ppm Nb glass 
at 700 °C, 200 MPa, 5 days 
 
SCa1Ta5000-700: Fluid experiment containing 0.4 wt% Ca fluid, 5000 ppm Ta glass 
at 700 °C, 200 MPa, 5 days 
 
 
Point Comment
Na2O 
(Mass%)
F 
(Mass%)
F Oxy. 
Eq. 
SiO2 
(Mass%)
Al2O3 
(Mass%)
P2O5 
(Mass%)
Cl 
(Mass%)
Cl Oxy. 
Eq.
MnO 
(Mass%)
K2O 
(Mass%)
Nb2O5 
(Mass%)
B2O3 
(Mass%)
Li2O 
(Mass%)
H2O 
(Mass%)
Total 
(Mass%)
1 SMn1Nb5000-700_01 5.342 0.766 -0.323 59.279 16.909 1.305 0.156 -0.035 0.371 4.164 0.613 2 1 8.453 91.547
2 SMn1Nb5000-700_02 5.647 0.796 -0.335 59.592 17.071 1.326 0.164 -0.037 0.374 4.15 0.576 2 1 7.676 92.324
3 SMn1Nb5000-700_03 7.186 0.961 -0.405 59.724 16.712 1.132 0.163 -0.037 0.417 3.969 0.496 2 1 6.681 93.319
4 SMn1Nb5000-700_04 6.893 0.895 -0.377 59.113 16.655 1.411 0.159 -0.036 0.415 4.137 0.522 2 1 7.213 92.787
5 SMn1Nb5000-700_05 6.748 0.917 -0.386 58.988 16.31 1.26 0.175 -0.039 0.484 4.034 0.538 2 1 7.972 92.028
6 SMn1Nb5000-700_06 7.115 0.723 -0.304 59.323 16.506 1.208 0.181 -0.041 0.406 4.062 0.514 2 1 7.307 92.693
7 SMn1Nb5000-700_07 6.785 0.651 -0.274 59.192 16.585 1.297 0.166 -0.037 0.319 4.012 0.578 2 1 7.727 92.273
8 SMn1Nb5000-700_08 6.827 0.733 -0.309 58.854 16.679 1.211 0.168 -0.038 0.381 3.948 0.563 2 1 7.983 92.017
9 SMn1Nb5000-700_09 6.992 0.725 -0.305 59.113 16.857 1.363 0.158 -0.036 0.429 4.094 0.535 2 1 7.075 92.925
10 SMn1Nb5000-700_10 6.506 0.754 -0.317 59.311 16.483 1.195 0.151 -0.034 0.375 4.06 0.654 2 1 7.863 92.137
11 SMn1Nb5000-700_11 6.869 0.821 -0.346 59.208 16.468 1.296 0.154 -0.035 0.376 4.047 0.61 2 1 7.531 92.469
12 SMn1Nb5000-700_12 6.727 0.613 -0.258 59.289 16.618 1.402 0.15 -0.034 0.403 4.053 0.5 2 1 7.537 92.463
13 SMn1Nb5000-700_13 6.667 0.662 -0.279 59.169 16.54 1.294 0.175 -0.039 0.392 3.998 0.599 2 1 7.822 92.178
14 SMn1Nb5000-700_14 6.993 0.805 -0.339 59.341 16.638 1.329 0.153 -0.035 0.41 3.941 0.689 2 1 7.074 92.926
15 SMn1Nb5000-700_15 6.64 0.86 -0.362 59.741 16.77 1.301 0.166 -0.037 0.372 4.058 0.546 2 1 6.946 93.054
16 SMn1Nb5000-700_16 6.87 0.774 -0.326 59.107 16.764 1.25 0.173 -0.039 0.369 4.082 0.579 2 1 7.397 92.603
17 SMn1Nb5000-700_17 6.588 0.881 -0.371 59.558 16.621 1.225 0.171 -0.039 0.438 4.022 0.606 2 1 7.300 92.700
18 SMn1Nb5000-700_18 6.583 0.657 -0.277 59.078 16.669 1.19 0.167 -0.038 0.397 4.041 0.558 2 1 7.974 92.026
19 SMn1Nb5000-700_19 6.922 0.996 -0.419 59.783 16.81 1.285 0.16 -0.036 0.365 4.074 0.646 2 1 6.414 93.586
20 SMn1Nb5000-700_20 6.826 0.743 -0.313 59.682 16.795 1.379 0.151 -0.034 0.373 4.148 0.724 2 1 6.526 93.474
ASI 1.08
Minimum 5.342 0.613 -0.419 58.854 16.310 1.132 0.150 -0.041 0.319 3.941 0.496 2.000 1.000 6.414 91.547
Maximum 7.186 0.996 -0.258 59.783 17.071 1.411 0.181 -0.034 0.484 4.164 0.724 2.000 1.000 8.453 93.586
Average 6.686 0.787 -0.331 59.322 16.673 1.283 0.163 -0.037 0.393 4.055 0.582 2.000 1.000 7.424 92.576
Sigma  0.446 0.106 0.045 0.270 0.173 0.075 0.009 0.002 0.034 0.064 0.062 0.000 0.000 0.534 0.534
Point Comment
Na2O 
(Mass%)
F 
(Mass%)
F Oxy. 
Eq.
SiO2 
(Mass%)
Al2O3 
(Mass%)
P2O5 
(Mass%)
Cl 
(Mass%)
Cl Oxy. 
Eq.
Ta2O5 
(Mass%)
K2O 
(Mass%)
CaO 
(Mass%)
B2O3 
(Mass%)
Li2O 
(Mass%)
H2O 
(Mass%)
Total 
(Mass%)
1 SCa1Ta5000-700_01 6.647 0.721 -0.304 61.074 17.048 0.948 0.143 -0.032 0.587 4.074 0.067 2 1 6.027 93.973
2 SCa1Ta5000-700_02 6.79 0.833 -0.351 60.864 17.131 0.984 0.153 -0.035 0.633 4.083 0.041 2 1 5.873 94.127
3 SCa1Ta5000-700_03 6.887 0.715 -0.301 60.524 16.942 1.13 0.152 -0.034 0.595 3.985 0.185 2 1 6.220 93.780
4 SCa1Ta5000-700_04 6.889 0.794 -0.334 61.482 17.117 0.922 0.147 -0.033 0.646 4.058 0.266 2 1 5.046 94.954
5 SCa1Ta5000-700_05 6.944 0.807 -0.340 60.911 17.159 0.946 0.129 -0.029 0.686 4.066 0.139 2 1 5.582 94.418
6 SCa1Ta5000-700_06 6.885 0.918 -0.387 60.76 17.146 1.153 0.143 -0.032 0.619 4.125 0.163 2 1 5.507 94.493
7 SCa1Ta5000-700_07 7.116 0.679 -0.286 60.905 16.714 1.174 0.144 -0.032 0.577 4.058 0.148 2 1 5.803 94.197
8 SCa1Ta5000-700_08 6.731 0.756 -0.318 60.507 17.021 1.279 0.141 -0.032 0.599 4.016 0.24 2 1 6.060 93.940
9 SCa1Ta5000-700_09 6.757 0.731 -0.308 60.635 17.178 1.058 0.147 -0.033 0.754 4.094 0.064 2 1 5.923 94.077
10 SCa1Ta5000-700_10 6.837 0.767 -0.323 61.232 17.216 1.063 0.149 -0.034 0.7 4.082 0.041 2 1 5.270 94.730
11 SCa1Ta5000-700_11 6.702 0.769 -0.324 61.209 16.911 1.108 0.162 -0.037 0.628 4.097 0.181 2 1 5.593 94.407
12 SCa1Ta5000-700_12 6.762 0.602 -0.253 61.28 17.133 1.079 0.155 -0.035 0.784 4.076 0.099 2 1 5.318 94.682
13 SCa1Ta5000-700_13 6.791 0.728 -0.307 60.656 16.934 1.179 0.143 -0.032 0.599 3.936 0.144 2 1 6.229 93.771
14 SCa1Ta5000-700_14 6.743 0.751 -0.316 60.623 17.2 1.113 0.158 -0.036 0.629 4.1 0.156 2 1 5.879 94.121
15 SCa1Ta5000-700_15 7.026 0.784 -0.330 60.973 17.274 0.967 0.151 -0.034 0.585 4.039 0.346 2 1 5.219 94.781
16 SCa1Ta5000-700_16 6.915 0.767 -0.323 61.393 17.053 0.793 0.145 -0.033 0.665 4.094 0.009 2 1 5.522 94.478
17 SCa1Ta5000-700_17 6.966 0.63 -0.265 62.318 17.503 0.935 0.158 -0.036 0.691 4.144 0.031 2 1 3.925 96.075
18 SCa1Ta5000-700_18 6.644 0.779 -0.328 61.579 17.076 0.895 0.169 -0.038 0.631 4.053 0.051 2 1 5.489 94.511
19 SCa1Ta5000-700_19 6.723 0.731 -0.308 61.704 17.25 0.856 0.139 -0.031 0.557 4.009 0.023 2 1 5.347 94.653
20 SCa1Ta5000-700_20 6.739 0.775 -0.326 61.271 17.105 0.883 0.142 -0.032 0.689 4.143 0.017 2 1 5.594 94.406
ASI 1.09
Minimum 6.644 0.602 -0.387 60.507 16.714 0.793 0.129 -0.038 0.557 3.936 0.009 2.000 1.000 3.925 93.771
Maximum 7.116 0.918 -0.253 62.318 17.503 1.279 0.169 -0.029 0.784 4.144 0.346 2.000 1.000 6.229 96.075
Average 6.825 0.752 -0.317 61.095 17.106 1.023 0.149 -0.034 0.643 4.067 0.121 2.000 1.000 5.571 94.429
Sigma  0.126 0.068 0.029 0.458 0.162 0.128 0.009 0.002 0.060 0.051 0.093 0.000 0.000 0.513 0.513
364 
 
SCa1Nb5000-700: Fluid experiment containing 0.4 wt% Ca fluid, 5000 ppm Nb 
glass at 700 °C, 200 MPa, 5 days 
 
SMn1Ta5000-650: Fluid experiment containing 1 wt% Mn fluid, 5000 ppm Ta glass 
at 650 °C, 200 MPa, 5 days 
 
 
 
Point Comment
Na2O 
(Mass%)
F 
(Mass%)
F Oxy. 
Eq.
SiO2 
(Mass%)
Al2O3 
(Mass%)
P2O5 
(Mass%)
Cl 
(Mass%)
Cl Oxy. 
Eq.
CaO 
(Mass%)
K2O 
(Mass%)
Nb2O5 
(Mass%)
B2O3 
(Mass%)
Li2O 
(Mass%)
H2O 
(Mass%)
Total 
(Mass%)
1 SCa1Nb5000-700_01 6.416 0.851 -0.358 59.817 16.797 0.854 0.165 -0.037 0.048 3.958 0.775 2 1 7.715 92.285
2 SCa1Nb5000-700_02 6.717 0.701 -0.295 59.595 16.66 1.133 0.168 -0.038 0.311 4.001 0.82 2 1 7.227 92.773
3 SCa1Nb5000-700_03 6.674 0.746 -0.314 60.145 16.929 0.963 0.143 -0.032 0.152 4 0.703 2 1 6.891 93.109
4 SCa1Nb5000-700_04 6.692 0.694 -0.292 60.032 16.751 0.768 0.158 -0.036 0.015 4.088 0.742 2 1 7.388 92.612
5 SCa1Nb5000-700_05 6.807 0.817 -0.344 60.518 17.067 1.002 0.14 -0.032 0.026 3.946 0.634 2 1 6.419 93.581
6 SCa1Nb5000-700_06 6.868 0.798 -0.336 59.972 16.606 1.098 0.145 -0.033 0.122 4.045 0.741 2 1 6.974 93.026
7 SCa1Nb5000-700_07 6.697 0.718 -0.302 59.874 16.682 0.987 0.158 -0.036 0.083 4.081 0.658 2 1 7.400 92.600
8 SCa1Nb5000-700_08 6.804 0.829 -0.349 59.805 16.992 0.879 0.17 -0.038 0.055 4.027 0.761 2 1 7.065 92.935
9 SCa1Nb5000-700_09 6.738 0.777 -0.327 60.018 16.738 1.065 0.17 -0.038 0.051 4.032 0.616 2 1 7.161 92.839
10 SCa1Nb5000-700_10 6.99 0.764 -0.322 60.228 16.73 1.186 0.177 -0.040 0.07 4.102 0.73 2 1 6.385 93.615
11 SCa1Nb5000-700_11 6.638 0.891 -0.375 60.124 16.773 1.183 0.141 -0.032 0.183 4.029 0.818 2 1 6.627 93.373
12 SCa1Nb5000-700_12 6.786 0.806 -0.339 59.95 17.074 1.09 0.161 -0.036 0.076 3.963 0.681 2 1 6.789 93.211
13 SCa1Nb5000-700_13 6.678 0.719 -0.303 60.555 17.157 1.012 0.147 -0.033 0.109 4.059 0.753 2 1 6.147 93.853
14 SCa1Nb5000-700_14 6.894 0.681 -0.287 60.15 16.759 0.854 0.16 -0.036 0.133 4.059 0.733 2 1 6.900 93.100
15 SCa1Nb5000-700_15 6.718 0.716 -0.301 60.216 17.121 0.821 0.131 -0.030 0.107 3.982 0.72 2 1 6.799 93.201
16 SCa1Nb5000-700_16 6.783 0.828 -0.349 59.426 17.088 0.97 0.152 -0.034 0.161 3.895 0.742 2 1 7.338 92.662
17 SCa1Nb5000-700_17 6.677 0.756 -0.318 60.013 16.995 0.988 0.183 -0.041 0.092 4.043 0.689 2 1 6.924 93.076
18 SCa1Nb5000-700_18 6.986 0.82 -0.345 59.806 16.899 0.964 0.125 -0.028 0.086 3.982 0.753 2 1 6.952 93.048
19 SCa1Nb5000-700_19 6.886 0.743 -0.313 60.224 17.152 1.067 0.142 -0.032 0.15 3.999 0.737 2 1 6.245 93.755
20 SCa1Nb5000-700_20 6.867 1.003 -0.422 60.066 16.755 0.975 0.16 -0.036 0.118 4.028 0.802 2 1 6.684 93.316
ASI 1.09
Minimum 6.416 0.681 -0.422 59.426 16.606 0.768 0.125 -0.041 0.015 3.895 0.616 2.000 1.000 6.147 92.285
Maximum 6.990 1.003 -0.287 60.555 17.157 1.186 0.183 -0.028 0.311 4.102 0.820 2.000 1.000 7.715 93.853
Average 6.766 0.783 -0.330 60.027 16.886 0.993 0.155 -0.035 0.107 4.016 0.730 2.000 1.000 6.901 93.099
Sigma  0.132 0.077 0.033 0.271 0.181 0.117 0.015 0.003 0.066 0.052 0.055 0.000 0.000 0.410 0.410
Point Comment
Na2O 
(Mass%)
F 
(Mass%)
F Oxy. 
Eq. 
SiO2 
(Mass%)
Al2O3 
(Mass%)
K2O 
(Mass%)
Ta2O5 
(Mass%)
MnO 
(Mass%)
P2O5 
(Mass%)
Cl 
(Mass%)
Cl Oxy. 
Eq.
CaO 
(Mass%)
B2O3 
(Mass%)
Li2O 
(Mass%)
H2O 
(Mass%)
Total 
(Mass%)
1 SMn1Ta5000-650_01 6.599 1.128 -0.475 60.218 15.961 3.793 0.93 0.219 0.72 0.116 -0.026 0.013 2 1 7.804 92.196
2 SMn1Ta5000-650_02 6.326 1.415 -0.596 59.126 15.743 3.785 0.901 0.487 1.76 0.126 -0.028 0.011 2 1 7.944 92.056
3 SMn1Ta5000-650_03 6.459 1.201 -0.506 60.074 15.829 3.729 0.91 0.201 1.059 0.114 -0.026 0.01 2 1 7.945 92.055
4 SMn1Ta5000-650_04 6.27 1.284 -0.541 60.274 16.014 3.79 0.922 0.256 0.847 0.124 -0.028 0.009 2 1 7.779 92.221
5 SMn1Ta5000-650_05 6.31 1.361 -0.573 59.842 15.667 3.882 0.881 0.272 0.841 0.125 -0.028 0.003 2 1 8.417 91.583
6 SMn1Ta5000-650_06 6.469 1.362 -0.573 59.845 15.874 3.763 0.889 0.228 0.869 0.108 -0.024 0.015 2 1 8.176 91.824
7 SMn1Ta5000-650_07 6.368 1.295 -0.545 59.439 16.019 3.781 0.868 0.214 0.938 0.116 -0.026 0.004 2 1 8.529 91.471
8 SMn1Ta5000-650_08 6.382 1.38 -0.581 60.011 15.933 3.85 1.017 0.211 0.842 0.122 -0.028 0.008 2 1 7.853 92.147
9 SMn1Ta5000-650_09 6.237 1.423 -0.599 59.748 15.911 3.804 0.899 0.234 1.093 0.092 -0.021 0.01 2 1 8.169 91.831
10 SMn1Ta5000-650_10 6.431 1.34 -0.564 59.503 15.689 3.849 0.763 0.279 0.801 0.105 -0.024 0.008 2 1 8.820 91.180
11 SMn1Ta5000-650_11 6.638 1.316 -0.554 59.092 16.013 3.847 0.896 0.291 1.014 0.46 -0.104 0.005 2 1 8.086 91.914
12 SMn1Ta5000-650_12 6.344 1.379 -0.581 60.274 16.039 3.761 0.893 0.349 1.149 0.126 -0.028 0.004 2 1 7.291 92.709
13 SMn1Ta5000-650_13 6.509 1.333 -0.561 59.829 15.734 3.844 0.919 0.308 1.544 0.111 -0.025 0.004 2 1 7.451 92.549
14 SMn1Ta5000-650_14 6.057 1.332 -0.561 60.748 15.424 3.778 1.451 0.233 0.83 0.107 -0.024 0.006 2 1 7.619 92.381
15 SMn1Ta5000-650_15 6.104 1.256 -0.529 59.95 15.802 3.775 0.925 0.174 1.102 0.106 -0.024 0.003 2 1 8.356 91.644
16 SMn1Ta5000-650_16 6.385 1.035 -0.436 60.136 15.592 3.827 0.902 0.226 0.872 0.097 -0.022 0.004 2 1 8.382 91.618
17 SMn1Ta5000-650_17 6.103 1.453 -0.612 60.577 16.087 3.912 0.997 0.333 1.061 0.124 -0.028 0.008 2 1 6.985 93.015
18 SMn1Ta5000-650_18 6.132 1.14 -0.480 60.253 16.05 3.883 0.911 0.215 1.078 0.163 -0.037 0.008 2 1 7.684 92.316
ASI 1.09
Minimum 6.057 1.035 -0.612 59.092 15.424 3.729 0.763 0.174 0.720 0.092 -0.104 0.003 2.000 1.000 6.985 91.180
Maximum 6.638 1.453 -0.436 60.748 16.087 3.912 1.451 0.487 1.760 0.460 -0.021 0.015 2.000 1.000 8.820 93.015
Average 6.340 1.302 -0.548 59.941 15.855 3.814 0.937 0.263 1.023 0.136 -0.031 0.007 2.000 1.000 7.961 92.039
Sigma  0.168 0.112 0.047 0.448 0.183 0.050 0.138 0.073 0.263 0.082 0.019 0.004 0.000 0.000 0.462 0.462
365 
 
SMn1Nb5000-650: Fluid experiment containing 1 wt% Mn fluid, 5000 ppm Nb glass 
at 650 °C, 200 MPa, 5 days 
 
SMn1Nb5000-675: Fluid experiment containing 1 wt% Mn fluid, 5000 ppm Nb glass 
at 675 °C, 200 MPa, 5 days 
 
 
 
Point Comment
Na2O 
(Mass%)
F 
(Mass%)
F Oxy. 
Eq.
SiO2 
(Mass%)
Al2O3 
(Mass%)
K2O 
(Mass%)
MnO 
(Mass%)
Cl 
(Mass%)
Cl Oxy. 
Eq.
P2O5 
(Mass%)
Nb2O5 
(Mass%)
Li2O 
(Mass%)
B2O3 
(Mass%)
H2O 
(Mass%)
Total 
(Mass%)
1 SMn1Nb5000-650_01 6.067 1.394 -0.587 59.894 15.712 4.557 0.21 0.123 -0.028 1.094 0.59 1 2 7.974 92.026
2 SMn1Nb5000-650_02 5.961 1.145 -0.482 59.686 15.567 3.866 0.192 0.116 -0.026 1.022 0.531 1 2 9.422 90.578
3 SMn1Nb5000-650_03 5.602 1.266 -0.533 59.578 15.321 4.724 0.206 0.089 -0.020 0.916 0.541 1 2 9.310 90.690
4 SMn1Nb5000-650_04 6.374 1.152 -0.485 59.782 15.41 3.853 0.185 0.112 -0.025 0.826 0.575 1 2 9.241 90.759
5 SMn1Nb5000-650_05 6.171 1.369 -0.576 59.206 15.55 4.009 0.209 0.119 -0.027 1.054 0.5 1 2 9.416 90.584
6 SMn1Nb5000-650_06 6.334 1.211 -0.510 59.786 15.844 3.789 0.17 0.123 -0.028 0.923 0.517 1 2 8.841 91.159
7 SMn1Nb5000-650_07 6.56 1.354 -0.570 58.843 15.609 3.72 0.224 0.117 -0.026 1.146 0.454 1 2 9.570 90.430
8 SMn1Nb5000-650_08 6.211 1.316 -0.554 58.7 15.765 3.674 0.185 0.112 -0.025 1.983 0.495 1 2 9.138 90.862
9 SMn1Nb5000-650_09 6.264 1.346 -0.567 59.598 15.738 3.885 0.199 0.116 -0.026 1.054 0.571 1 2 8.822 91.178
10 SMn1Nb5000-650_10 6.257 1.684 -0.709 59.455 15.731 3.993 0.227 0.104 -0.023 1.17 0.576 1 2 8.536 91.464
11 SMn1Nb5000-650_11 6.406 1.383 -0.582 59.271 16.012 3.785 0.224 0.123 -0.028 1.07 0.656 1 2 8.680 91.320
12 SMn1Nb5000-650_12 6.353 1.384 -0.583 59.379 15.983 3.825 0.194 0.116 -0.026 1.089 0.55 1 2 8.736 91.264
13 SMn1Nb5000-650_13 6.61 1.373 -0.578 59.39 16.152 3.881 0.258 0.122 -0.028 1.186 0.481 1 2 8.153 91.847
14 SMn1Nb5000-650_14 6.46 1.205 -0.507 58.69 15.877 3.765 0.176 0.115 -0.026 0.995 0.658 1 2 9.592 90.408
15 SMn1Nb5000-650_15 6.431 1.329 -0.560 59.455 16.36 3.873 0.207 0.107 -0.024 1.1 0.554 1 2 8.168 91.832
16 SMn1Nb5000-650_16 6.211 1.315 -0.554 59.165 15.817 3.828 0.234 0.108 -0.024 0.945 0.637 1 2 9.318 90.682
17 SMn1Nb5000-650_17 6.505 1.399 -0.589 60.464 16.136 4.146 0.24 0.115 -0.026 0.829 0.623 1 2 7.158 92.842
ASI 1.08
Minimum 5.602 1.145 -0.709 58.690 15.321 3.674 0.170 0.089 -0.028 0.826 0.454 1.000 2.000 7.158 90.408
Maximum 6.610 1.684 -0.482 60.464 16.360 4.724 0.258 0.123 -0.020 1.983 0.658 1.000 2.000 9.592 92.842
Average 6.281 1.331 -0.560 59.432 15.799 3.951 0.208 0.114 -0.026 1.082 0.559 1.000 2.000 8.828 91.172
Sigma  0.244 0.124 0.052 0.449 0.273 0.284 0.024 0.009 0.002 0.256 0.061 0.000 0.000 0.666 0.666
Point Comment
Na2O 
(Mass%)
F 
(Mass%)
F Oxy. 
Eq.
SiO2 
(Mass%)
Al2O3 
(Mass%)
K2O 
(Mass%)
CaO 
(Mass%)
MnO 
(Mass%)
P2O5 
(Mass%)
Cl 
(Mass%)
Cl Oxy. 
Eq.
Nb2O5 
(Mass%)
Li2O 
(Mass%)
B2O3 
(Mass%)
H2O 
(Mass%)
Total 
(Mass%)
1 SMn1Nb5000-675_01 6.578 1.311 -0.552 61.248 16.57 3.92 0.013 0.307 1.208 0.116 -0.026 0.364 1 2 5.943 94.057
2 SMn1Nb5000-675_02 6.838 1.136 -0.478 60.46 16.59 3.904 0.002 0.241 1.198 0.111 -0.025 0.507 1 2 6.516 93.484
3 SMn1Nb5000-675_03 6.61 1.234 -0.520 61.279 16.264 3.908 0.003 0.25 1.175 0.125 -0.028 0.587 1 2 6.113 93.887
4 SMn1Nb5000-675_04 6.595 1.211 -0.510 60.402 16.371 3.894 0.017 0.263 1.596 0.133 -0.030 0.67 1 2 6.388 93.612
5 SMn1Nb5000-675_05 6.986 1.324 -0.557 60.853 16.477 3.884 -0.002 0.174 1.149 0.134 -0.030 0.508 1 2 6.101 93.899
6 SMn1Nb5000-675_06 6.918 1.252 -0.527 60.963 16.341 3.926 0.004 0.201 1.082 0.124 -0.028 0.539 1 2 6.205 93.795
7 SMn1Nb5000-675_07 6.914 1.127 -0.475 61.312 16.725 3.868 0.012 0.237 1.083 0.129 -0.029 0.524 1 2 5.573 94.427
8 SMn1Nb5000-675_08 6.524 1.157 -0.487 60.179 16.174 3.863 0.012 0.219 1.166 0.128 -0.029 0.549 1 2 7.545 92.455
9 SMn1Nb5000-675_09 6.668 1.151 -0.485 61.169 16.574 3.959 0.004 0.21 1.145 0.124 -0.028 0.504 1 2 6.005 93.995
10 SMn1Nb5000-675_10 6.888 1.209 -0.509 60.563 16.342 3.851 0.001 0.225 1.104 0.117 -0.026 0.519 1 2 6.716 93.284
11 SMn1Nb5000-675_11 6.662 1.288 -0.542 61.154 16.078 3.984 0.006 0.305 0.947 0.143 -0.032 0.643 1 2 6.365 93.635
12 SMn1Nb5000-675_12 6.469 1.089 -0.459 61.517 15.983 3.895 0.007 0.204 1.435 0.133 -0.030 0.542 1 2 6.215 93.785
13 SMn1Nb5000-675_13 6.595 1.181 -0.497 61.139 16.066 3.967 0.007 0.166 1.332 0.122 -0.028 0.58 1 2 6.370 93.630
14 SMn1Nb5000-675_14 6.774 0.963 -0.405 61.239 16.137 3.871 0.011 0.204 1.551 0.131 -0.030 0.574 1 2 5.980 94.020
15 SMn1Nb5000-675_15 6.746 1.156 -0.487 60.384 16.511 3.991 0 0.322 1.04 0.392 -0.088 0.507 1 2 6.526 93.474
16 SMn1Nb5000-675_16 6.683 1.252 -0.527 60.602 16.192 3.796 0.006 0.462 1.375 0.114 -0.026 0.64 1 2 6.431 93.569
17 SMn1Nb5000-675_17 6.902 1.296 -0.546 59.861 15.926 3.886 0.008 0.244 1.272 0.137 -0.031 0.582 1 2 7.463 92.537
18 SMn1Nb5000-675_18 6.726 1.209 -0.509 61.632 16.362 3.842 0.012 0.231 1.079 0.143 -0.032 0.44 1 2 5.865 94.135
19 SMn1Nb5000-675_19 6.783 1.338 -0.563 60.982 16.434 3.888 0.006 0.222 1.202 0.135 -0.030 0.479 1 2 6.125 93.875
20 SMn1Nb5000-675_20 6.643 1.276 -0.537 61.175 16.545 3.902 0.005 0.247 1.042 0.123 -0.028 0.529 1 2 6.078 93.922
ASI 1.07
Minimum 6.469 0.963 -0.563 59.861 15.926 3.796 -0.002 0.166 0.947 0.111 -0.088 0.364 1.000 2.000 5.573 92.455
Maximum 6.986 1.338 -0.405 61.632 16.725 3.991 0.017 0.462 1.596 0.392 -0.025 0.670 1.000 2.000 7.545 94.427
Average 6.725 1.208 -0.509 60.906 16.333 3.900 0.007 0.247 1.209 0.141 -0.032 0.539 1.000 2.000 6.326 93.674
Sigma  0.147 0.092 0.039 0.473 0.224 0.049 0.005 0.065 0.172 0.060 0.014 0.070 0.000 0.000 0.481 0.481
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Analysis of feldspars in SMn1Nb5000-675 - Fluid experiment containing 1 wt% Mn 
fluid, 5000 ppm Nb glass at 675 °C, 200 MPa, 5 days 
 
 
 
 
 
 
 
 
 
 
Point Comment
Na2O 
(Mass%)
F 
(Mass%)
SiO2 
(Mass%)
Al2O3 
(Mass%)
K2O 
(Mass%)
CaO 
(Mass%)
MnO 
(Mass%)
P2O5 
(Mass%)
Cl 
(Mass%)
Nb2O5 
(Mass%)
Total 
(Mass%)
1 SMn1Nb5000-675_Feld_01 6.655 0.021 67.592 19.748 6.555 -0.009 0.084 0.072 -0.002 0.107 100.823
2 SMn1Nb5000-675_Feld_02 6.552 -0.209 67.467 20.216 7.804 -0.005 0.015 0.108 -0.007 -0.002 101.939
3 SMn1Nb5000-675_Feld_03 7.923 -0.184 67.817 20.187 5.769 0 0.037 0.005 0.005 -0.043 101.516
4 SMn1Nb5000-675_Feld_04 5.884 -0.205 66.422 19.764 8.149 -0.007 0.09 0.072 -0.007 0.033 100.195
5 SMn1Nb5000-675_Feld_05 7.062 -0.014 66.949 20.087 6.405 -0.009 0.041 0.027 -0.011 0.1 100.637
6 SMn1Nb5000-675_Feld_06 7.845 -0.252 66.985 19.792 5.434 0.009 0.141 0.131 0.001 0.354 100.44
7 SMn1Nb5000-675_Feld_07 8.423 -0.078 68.216 20.216 4.759 0.001 0.02 0 -0.017 0.007 101.547
8 SMn1Nb5000-675_Feld_08 7.288 -0.194 67.093 19.926 6.39 -0.002 0.129 0.194 0.002 -0.012 100.814
9 SMn1Nb5000-675_Feld_09 8.19 -0.257 66.145 19.944 4.966 0.006 0.16 0.176 0.005 0.055 99.39
10 SMn1Nb5000-675_Feld_10 6.37 -0.154 66.789 19.59 7.362 0.015 0.521 0.583 0.015 0.211 101.302
 
Minimum 5.884 -0.257 66.145 19.59 4.759 -0.009 0.015 0 -0.017 -0.043 99.39
Maximum 8.423 0.021 68.216 20.216 8.149 0.015 0.521 0.583 0.015 0.354 101.939
Average 7.219 -0.153 67.148 19.947 6.359 0 0.124 0.137 -0.002 0.081 100.86
Sigma  0.855 0.097 0.634 0.223 1.157 0.008 0.149 0.17 0.009 0.121 0.752
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Columbite-(Mn) analyses in successful experiments. SiO2 and P2O5 were analyzed to 
monitor glass or lithiophilite contribution as grains were generally ≤ 1 µm.  
 
 
 
 
Point Comment SiO2(Mass%) P2O5(Mass%) MnO(Mass%) Nb2O5(Mass%) Total(Mass%)
1 SMn1Nb5000-675_COL_1 4.188 0.51 19.227 72.594 96.519
2 SMn1Nb5000-675_COL_1b 3.374 0.11 19.078 74.281 96.843
3 SMn1Nb5000-675_COL_1c 3.194 0.105 19.372 74.518 97.189
4 SMn1Nb5000-675_COL_1d 2.75 0.105 19.5 75.535 97.89
5 SMn1Nb5000-675_COL_1e 2.814 0.111 19.234 75.519 97.678
6 SMn1Nb5000-675_COL_1f 4.879 0.123 18.801 71.645 95.448
7 SMn1Nb5000-675_COL_2 5.093 0.125 19.439 73.41 98.067
8 SMn1Nb5000-675_COL_3 3.181 1.216 19.709 73.086 97.192
9 SMn1Nb5000-675_COL_4 7.031 0.155 18.91 70.656 96.752
10 SMn1Nb5000-675_COL_5 3.365 1.984 20.294 71.872 97.515
11 SMn1Nb5000-675_COL_6 6.558 0.182 19.075 71.312 97.127
12 SMn1Nb5000-675_COL_7 4.244 0.391 19.374 75.616 99.625
13 SMn1Nb5000-650_COL_1 4.476 3.46 19.999 68.36 96.295
14 SMn1Nb5000-650_COL_2 2.603 1.303 19.629 70.904 94.439
15 SMn1Nb5000-650_COL_3 9.12 0.211 18.724 69.187 97.242
16 SMn1Nb5000-650_COL_4 1.137 0.22 19.646 77.252 98.255
17 SMn1Nb5000-650_COL_5 6.71 3.209 19.527 64.968 94.414
18 SMn1Nb5000-700_COL_1 4.709 0.111 19.174 73.283 97.277
19 SMn1Nb5000-700_COL_1b 4.025 0.106 19.641 75.263 99.035
20 SMn1Nb5000-700_COL_1c 13.546 0.258 17.149 62.458 93.411
21 SMn1Nb5000-700_COL_2 11.724 0.248 17.581 64.21 93.763
22 SMn1Nb5000-700_COL_3 0.618 1.049 20.113 75.485 97.265
23 SMn1Nb5000-700_COL_4 2.708 0.074 19.871 75.686 98.339
24 SMn1Nb5000-700_COL_5 6.964 0.175 18.919 71.222 97.28
25 SMn1Nb5000-700_COL_6 4.613 2.444 20.287 70.235 97.579
26 SMn1Nb5000-700_COL_7 2.505 0.055 19.716 76.72 98.996
27 SMn1Nb5000-700_COL_8 3.068 0.23 19.781 75.649 98.728
28 SMn1Nb5000-700_COL_9 2.991 0.078 19.855 76.268 99.192
 
Minimum 0.618 0.055 17.149 62.458 93.411
Maximum 13.546 3.46 20.294 77.252 99.625
Average 4.721 0.655 19.344 72.4 97.12
Sigma  2.918 0.968 0.702 3.838 1.598
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Appendix P: Calibration curve and standard data for SIMS analyses and SIMS 
data in McNeil (2018, Chapter 5). 
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Sample 6Li/30Si 1S(%) 10B/30Si 1S(%) SiO2 Li2O B2O3 Li/Si B/Si
Actual 6Li2O 
Conc.
Li Correction 
Factor
PEGA-STD-01 2.11E-01 0.10 1.49E-01 0.50 63.75 1.05 2.36 0.02 0.04 0.38 0.36
PEGA-STD-02 2.16E-01 0.10 1.50E-01 0.50 63.75 1.05 2.36 0.02 0.04 0.39 0.37
PEGA-STD-03 2.36E-01 0.10 1.47E-01 0.50 63.75 1.05 2.36 0.02 0.04 0.42 0.40
Average 2.21E-01 0.10 1.48E-01 0.50 - - - - - 0.39 0.38
NIST610-01 - - 8.42E-03 0.50 69.98 - 0.10 - 0.001 - -
NIST610-02 - - 8.39E-03 0.50 69.98 - 0.10 - 0.001 - -
NIST610-03 - - 8.38E-03 0.50 69.98 - 0.10 - 0.001 - -
Average - - 8.40E-03 0.50 - - - - - - -
PEGA and NIST 610 SIMS Standard Data Oct 12/17
Sample 6Li/30Si 1S(%) 10B/30Si 1S(%) SiO2 Li2O B2O3 Li/Si B/Si
Actual 
6Li2O Conc.
Li Correction 
Factor
PEGA-STD-01 2.14E-01 0.08 1.47E-01 0.10 63.75 1.05 2.36 0.02 0.04 0.38 0.36
PEGA-STD-02 2.15E-01 0.08 1.47E-01 0.10 63.75 1.05 2.36 0.02 0.04 0.38 0.36
PEGA-STD-03 2.13E-01 0.08 1.48E-01 0.10 63.75 1.05 2.36 0.02 0.04 0.38 0.36
PEGA-STD-04 2.18E-01 0.08 1.47E-01 0.10 63.75 1.05 2.36 0.02 0.04 0.39 0.37
PEGA-STD-05 2.15E-01 0.08 1.48E-01 0.10 63.75 1.05 2.36 0.02 0.04 0.38 0.36
Average 2.15E-01 0.08 1.47E-01 0.10 - - - - - 0.38 0.36
NIST610-01 - - 8.39E-03 0.40 69.98 - 0.11 - 0.002 - -
NIST610-02 - - 8.37E-03 0.40 69.98 - 0.11 - 0.002 - -
NIST610-03 - - 8.25E-03 0.40 69.98 - 0.11 - 0.002 - -
Average - - 8.34E-03 0.40 - - - - - - -
PEGA and NIST 610 SIMS Standard Data Oct 17/17
Sample 6Li/30Si 1S(%) 10B/30Si 1S(%) SiO2 Li2O B2O3
SMn1Ta5000-650-1 1.26E-01 0.10 1.29E-01 0.10 59.94 0.61 1.92
SMn1Ta5000-650-2 1.48E-01 0.10 1.33E-01 0.10 59.94 0.70 1.98
SMn1Ta5000-650-3 1.33E-01 0.10 1.31E-01 0.10 59.94 0.64 1.96
SMn1Ta5000-650-4 1.58E-01 0.10 1.25E-01 0.10 59.94 0.74 1.86
SMn1Ta5000-650-5 1.41E-01 0.10 1.32E-01 0.10 59.94 0.67 1.97
Average 1.41E-01 0.10 1.30E-01 0.10 - 0.67 1.94
Standard deviation 
(1 sigma)
0.01 0.00 0.00 0.00 - 0.05 0.05
Li2O and B2O3 SIMS Data for SMn1Ta5000-650 Oct 12/17
Sample 6Li/30Si 1S(%) 10B/30Si 1S(%) SiO2 Li2O B2O3
SMn1Ta5000-700-1 1.76E-01 0.09 9.11E-02 0.10 60.75 0.82 1.38
SMn1Ta5000-700-2 1.72E-01 0.09 9.07E-02 0.10 60.75 0.80 1.37
SMn1Ta5000-700-3 1.58E-01 0.10 9.34E-02 0.10 60.75 0.73 1.41
SMn1Ta5000-700-4 1.59E-01 0.10 9.51E-02 0.10 60.75 0.73 1.44
SMn1Ta5000-700-5 1.51E-01 0.10 9.03E-02 0.10 60.75 0.70 1.37
SMn1Ta5000-700-6 1.76E-01 0.09 9.04E-02 0.10 60.75 0.82 1.37
Average 1.65E-01 0.10 9.18E-02 0.10 - 0.77 1.39
Standard deviation 
(1 sigma)
0.01 0.01 0.00 0.00 - 0.05 0.03
Li2O and B2O3 SIMS Data for SMn1Ta5000-700 Oct 17/17
370 
 
 
 
 
 
 
 
 
 
 
Sample 6Li/30Si 1S(%) 10B/30Si 1S(%) SiO2 Li2O B2O3
SMn1Nb5000-700-1 1.80E-01 0.10 9.68E-02 0.10 59.32 0.82 1.42
SMn1Nb5000-700-2 1.70E-01 0.10 9.66E-02 0.10 59.32 0.78 1.42
SMn1Nb5000-700-3 2.10E-01 0.10 9.73E-02 0.10 59.32 0.93 1.43
SMn1Nb5000-700-4 1.79E-01 0.10 9.73E-02 0.10 59.32 0.81 1.43
SMn1Nb5000-700-5 1.67E-01 0.10 9.47E-02 0.10 59.32 0.76 1.39
Average 1.81E-01 0.10 9.65E-02 0.10 - 0.82 1.42
Standard deviation 
(1 sigma)
0.02 0.00 0.00 0.00 - 0.07 0.02
Li2O and B2O3 SIMS Data for SMn1Nb5000-700 Oct 12/17
Sample 6Li/30Si 1S(%) 10B/30Si 1S(%) SiO2 Li2O B2O3
SMn1Nb5000-675-01 1.62E-01 0.10 1.21E-01 0.10 60.91 0.77 1.83
SMn1Nb5000-675-02 1.86E-01 0.10 1.21E-01 0.10 60.91 0.86 1.83
SMn1Nb5000-675-03 1.54E-01 0.10 1.16E-01 0.10 60.91 0.74 1.76
SMn1Nb5000-675-04 1.79E-01 0.10 1.23E-01 0.10 60.91 0.83 1.87
SMn1Nb5000-675-05 1.39E-01 0.10 1.21E-01 0.10 60.91 0.67 1.83
Average 1.64E-01 0.10 1.20E-01 0.10 - 0.77 1.82
Standard deviation 
(1 sigma)
0.02 0.00 0.00 0.00 - 0.08 0.04
Li2O and B2O3 SIMS Data for SMn1Nb5000-675 Oct 12/17
Sample 6Li/30Si 1S(%) 10B/30Si 1S(%) SiO2 Li2O B2O3
SMn1Nb5000-650-1 1.50E-01 0.10 1.28E-01 0.10 59.43 0.70 1.89
SMn1Nb5000-650-2 1.42E-01 0.10 1.31E-01 0.10 59.43 0.67 1.93
SMn1Nb5000-650-3 1.52E-01 0.10 1.29E-01 0.10 59.43 0.71 1.91
SMn1Nb5000-650-4 1.62E-01 0.10 1.30E-01 0.10 59.43 0.75 1.92
Average 1.51E-01 0.10 1.29E-01 0.10 - 0.71 1.91
Standard deviation 
(1 sigma)
0.01 0.00 0.00 0.00 - 0.03 0.02
Li2O and B2O3 SIMS Data for SMn1Nb5000-650 Oct 12/17
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Appendix Q: BSE images of experiments and location of EPMA analysis spots in 
McNeil (2018, Chapter 5). Columbite-(Mn) and lithiophilite crystals are too small to 
be seen at the scale of some images. Experiment descriptions are provided below the 
images.  
 
SCa1Nb5000-700: Fluid experiment containing 0.4 wt% Ca fluid, 5000 ppm Nb 
glass at 700 °C, 200 MPa, 5 days 
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SCa1Ta5000-700: Fluid experiment containing 0.4 wt% Ca fluid, 5000 ppm Ta glass 
at 700 °C, 200 MPa, 5 days 
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SCa1000Nb1000-800: Fluid experiment containing 400 ppm Ca fluid, 1000 ppm Nb 
glass at 800 °C, 200 MPa, 5 days 
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SCa1000Ta1000-800: Fluid experiment containing 400 ppm Ca fluid, 1000 ppm Ta 
glass at 800 °C, 200 MPa, 5 days 
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SMn1Nb5000-650: Fluid experiment containing 1 wt% Mn fluid, 5000 ppm Nb glass 
at 650 °C, 200 MPa, 5 days 
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SMn1Nb5000-675: Fluid experiment containing 1 wt% Mn fluid, 5000 ppm Nb glass 
at 675 °C, 200 MPa, 5 days 
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SMn1Nb5000-700: Fluid experiment containing 1 wt% Mn fluid, 5000 ppm Nb glass 
at 700 °C, 200 MPa, 5 days 
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SMn1Ta5000-650: Fluid experiment containing 1 wt% Mn fluid, 5000 ppm Ta glass 
at 650 °C, 200 MPa, 5 days 
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SMn1Ta5000-700: Fluid experiment containing 1 wt% Mn fluid, 5000 ppm Ta glass 
at 700 °C, 200 MPa, 5 days 
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SMn1000Nb1000-800: Fluid experiment containing 1000 ppm Mn fluid, 5000 ppm 
Nb glass at 800 °C, 200 MPa, 5 days 
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SMn1000Ta1000-800: Fluid experiment containing 1000 ppm Mn fluid, 1000 ppm 
Ta glass at 800 °C, 200 MPa, 5 days 
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Appendix R: Raman spectra for phases present in fluid experiments in McNeil 
(2018, Chapter 5) and reference spectra for lithiophilite from RRuff database. 
Tantalite-(Mn) and glass spectra collected from McNeil (2018, Chapter 3) (TAN-
700), as well as columbite-(Mn) spectra from fluid experiments for comparison are 
provided as well, as some lithiophilite spectra contain interference from tantalite-
(Mn) and columbite-(Mn) crystals due to their proximity. Experiment descriptions 
are provided below spectra images for respective experiments.  
 
SMn1Ta5000-700: Fluid experiment containing 1 wt% Mn fluid, 5000 ppm Ta glass 
at 700 °C, 200 MPa, 5 days 
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SMn1Ta5000-700: Fluid experiment containing 1 wt% Mn fluid, 5000 ppm Ta glass 
at 700 °C, 200 MPa, 5 days 
 
SMn1Ta5000-650: Fluid experiment containing 1 wt% Mn fluid, 5000 ppm Ta glass 
at 650 °C, 200 MPa, 5 days 
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SMn1Ta5000-650: Fluid experiment containing 1 wt% Mn fluid, 5000 ppm Ta glass 
at 650 °C, 200 MPa, 5 days 
 
SMn1Ta5000-650: Fluid experiment containing 1 wt% Mn fluid, 5000 ppm Ta glass 
at 650 °C, 200 MPa, 5 days 
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SMn1Nb5000-700: Fluid experiment containing 1 wt% Mn fluid, 5000 ppm Nb glass 
at 700 °C, 200 MPa, 5 days 
 
SMn1Nb5000-700: Fluid experiment containing 1 wt% Mn fluid, 5000 ppm Nb glass 
at 700 °C, 200 MPa, 5 days 
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SMn1Nb5000-700: Fluid experiment containing 1 wt% Mn fluid, 5000 ppm Nb glass 
at 700 °C, 200 MPa, 5 days 
 
SMn1Nb5000-675: Fluid experiment containing 1 wt% Mn fluid, 5000 ppm Nb glass 
at 675 °C, 200 MPa, 5 days 
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SMn1Nb5000-675: Fluid experiment containing 1 wt% Mn fluid, 5000 ppm Nb glass 
at 675 °C, 200 MPa, 5 days 
 
SMn1Nb5000-675: Fluid experiment containing 1 wt% Mn fluid, 5000 ppm Nb glass 
at 675 °C, 200 MPa, 5 days 
388 
 
 
SMn1Nb5000-650: Fluid experiment containing 1 wt% Mn fluid, 5000 ppm Nb glass 
at 650 °C, 200 MPa, 5 days 
 
SMn1Nb5000-650: Fluid experiment containing 1 wt% Mn fluid, 5000 ppm Nb glass 
at 650 °C, 200 MPa, 5 days 
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SMn1Nb5000-650: Fluid experiment containing 1 wt% Mn fluid, 5000 ppm Nb glass 
at 650 °C, 200 MPa, 5 days 
 
TAN-700: Tantalite-(Mn) dissolution experiment for comparison to spectra from 
McNeil (2018, Chapter 3) at 700 °C, 200 MPa, 5 days 
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TAN-700: Tantalite-(Mn) dissolution experiment for comparison to spectra from 
McNeil (2018, Chapter 3) at 700 °C, 200 MPa, 5 days 
 
Lithiophilite Spectra from RRuff database, RRUFF ID: R070303. RRuff sample 
data is from natural crystals containing some Fe and trace Ca and Mg 
(http://rruff.info/lithiophilite/display=default/R070303). 
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Tantalite-(Mn) Spectra from RRuff database, RRUFF ID: R060252. RRuff sample 
data is from natural crystals containing some Fe and Nb (http://rruff.info/tantalite-
(mn)/display=default/R060252). 
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